Developing high performance and stable hetero-structured cathodes and fundamental understanding of oxygen reduction and reaction behavior by Zhang, Xinxin
Graduate Theses, Dissertations, and Problem Reports 
2016 
Developing high performance and stable hetero-structured 
cathodes and fundamental understanding of oxygen reduction 
and reaction behavior 
Xinxin Zhang 
Follow this and additional works at: https://researchrepository.wvu.edu/etd 
Recommended Citation 
Zhang, Xinxin, "Developing high performance and stable hetero-structured cathodes and fundamental 
understanding of oxygen reduction and reaction behavior" (2016). Graduate Theses, Dissertations, and 
Problem Reports. 7039. 
https://researchrepository.wvu.edu/etd/7039 
This Dissertation is protected by copyright and/or related rights. It has been brought to you by the The Research 
Repository @ WVU with permission from the rights-holder(s). You are free to use this Dissertation in any way that is 
permitted by the copyright and related rights legislation that applies to your use. For other uses you must obtain 
permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license 
in the record and/ or on the work itself. This Dissertation has been accepted for inclusion in WVU Graduate Theses, 
Dissertations, and Problem Reports collection by an authorized administrator of The Research Repository @ WVU. 
For more information, please contact researchrepository@mail.wvu.edu. 
   
 
 
 
DEVELOPING HIGH PERFORMANCE AND STABLE HETERO- 
STRUCTURED CATHODES AND FUNDAMENTAL UNDERSTANDING 
OF OXYGEN REDUCTION AND REACTION BEHAVIOR 
 
Xinxin Zhang 
 
 
 
Dissertation submitted to the 
Benjamin M. Statler College of Engineering and Mineral Resources 
at West Virginia University 
in partial fulfillment of the requirements 
for the degree of 
 
 
Doctor of Philosophy 
in 
Mechanical Engineering 
 
 
 
Xingbo Liu, Ph.D., Chair 
Harry W. Abernathy, Ph.D. 
Ismail Celik, Ph.D. 
Xueyan Song, Ph.D. 
Edward Sabolsky, Ph.D. 
 
Department of Mechanical and Aerospace Engineering 
Morgantown, West Virginia 
2016 
 
 
Keywords: Solid Oxide Fuel Cells; Hetero-structured Cathode Materials; 
Electrochemical Performance; Long-term Stability; Kinetic Driving Force 
Copyright 2016 Xinxin Zhang 
  
Abstract 
 
Developing High Performance and Stable Hetero-structured Cathodes and 
Fundamental Understanding of Oxygen Reduction and Reaction Behavior 
 
ByXinxin Zhang 
 
New hetero-structured La2NiO4+δ (LNO)/ (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ (LSCF) SOFC 
cathodes have been successfully fabricated by the infiltration technique for long-term 
stability and oxygen reduction reaction (ORR) kinetic consideration. The current 
comparative study of LSCF and LNO-infiltrated LSCF shows a significant reduction in 
polarization resistance by one order of magnitude and a 67% increase in maximum power 
density by using LNO-infiltrated LSCF cathodes at 750oC in air. The electronic 
conductivity relaxation (ECR) results demonstrate that the remarkable improved oxygen 
exchange properties of LNO/LSCF hetero-structured cathodes are attributed to not only the 
increase of surface reaction area, but also the introduction of LNO surface and LNO-LSCF 
interface with rapid oxygen exchange behavior. A trace amount of Co, Sr and more oxygen 
defects stabilized in the LNO layer have been identified by TEM, EDXS, XPS, XRD and 
iodine titration experiments, giving rise to the enhancement of stability and surface 
catalytic activity. A low degradation rate of 0.39% at a constant current density of 250 
mA∙cm-2 can be still achieved for the fuel cell using LNO-infiltrated LSCF cathodes after 
long-term durability of about 500 h at 750oC, accompanied by nanoparticles 
growth/aggregation, delamination and slight lanthanum enrichment on LNO surfaces. The 
benefits from the presence of the LNO nanoparticles demonstrate that LNO-infiltrated 
LSCF materials can act as high active surface oxygen exchange cathodes with promising 
fast ORR behavior and stability. 
To further enhance the long-term stability of infiltrated (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ (LSCF) 
cathode, two kinds of new hetero-structured cathodes, CeO2 & LNO co-infiltrated LSCF 
and La2-xNiO4+δ-infiltrated LSCF, have been designed. La2NiO4+δ (LNO), as an superior 
performance promoter, and CeO2, as a particle growth retardant due to the high melting 
point and good wettability, were co-infiltrated into the LSCF backbone to mitigate the 
delamination and growth/aggregation of in-situ formed nano-sized infiltrants. A more 
advantageous microstructure was confirmed in the co-infiltrated sample relative to those 
  
infiltrated with LNO alone. The original morphology was largely retained in the co- 
infiltrated sample after heat treatment, showing finer surface particles, better connection 
between the infiltrant network and the LSCF backbone. XPS and EIS results reveal that the 
substitution of stoichiometric La2NiO4+δ by A-site deficient La2-xNiO4+δ can effectively 
suppress lanthanum enrichment and enhance the stability after cathodic polarization 
treatment observed by measurement. The advantages of both modified hetero-structured 
cathodes suggest that CeO2 & La2-xNiO4+δ co-infiltrated LSCF is a promising hetero- 
structured cathode to mitigate the LSCF electrode degradation. 
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Chapter 1: Introduction and Research Objectives 
 
 
1.1 Introduction 
 
Perovskite families of Sr-doped lanthanum cobaltite (La,Sr)CoO3-δ (LSC) and ferrite 
(La,Sr)(Co,Fe)O3-δ (LSCF) have advantages on high electrochemical activity for oxygen 
reduction at the intermediate temperature (IT) range[1,2]. As LSCF and LSC readily 
become oxygen non-stoichiometric (deficient) at relatively low temperatures (600oC) and 
ambient PO2, they show significant mixed electronic and ionic conductivity (MIEC) 
(within the ranges of 102 S/cm and 10-2 S/cm, respectively). This renders entire cathode 
surfaces electro-catalytically active for the oxygen reduction reaction (ORR) process, 
thus substantially improving electrode polarization activation. The technical advantages 
distinguish LSCF and LSC cathodes as prospective candidates for intermediate 
temperature solid oxide fuel cells (IT-SOFCs) operation over (La,Sr)MnO3-δ (LSM), and 
attract intensive efforts of material optimization without necessitating the overhaul of 
existing industrially-viable electrode architecture. 
Accompanying the performance promises, recent studies have identified that the ORR 
kinetics on LSCF and LSC type cathodes can be significantly limited by surface reaction 
processes and, consequently, the surface chemistry/structure of the materials are key to 
the electrode activity, which is sensitive to the electrode processing/operation histories. In 
particular, the activation/performance degradation of LSCF cathodes are found to 
strongly correlate to the enrichment/depletion of certain surface cations, which can be 
tailored by inherent segregation from cathode bulk and/or external material sources as 
functions of applied electrode over-potential and temperature. Cation-related surface 
chemistry studies have become the research focus of perovskite cathodes lately, and 
various advanced characterization techniques have been utilized for in-situ and ex-situ 
monitoring of the surface layer properties such as phase composition, conductivity, 
microstructure, elastic strain and oxygen exchange rates. Even with these progressive 
efforts in recent years, the mechanisms and effective resolution controlling the surface 
phase/structure  transition  of  MIEC  cathode  oxides,  especially  under  electrochemical 
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operation conditions, remain an open question without unanimous agreement on 
experimental findings and even theoretical interpretation of fundamental observations 
with well-defined model electrodes and epitaxial thin-film structures. The lack of an 
effective method to improve the stability of LSCF calls for further investigation in which 
the surface properties are modified in a performance/stability directly relevant to practical 
SOFC operation. 
The recently reported rapid oxygen reduction activity at the interface of (La,Sr)CoO3-δ 
(LSC113) and (La,Sr)2CoO4 (LSC214) phases opened up new research questions for the 
potential role of hetero-structured interfaces in the development of advanced cathodes for 
solid oxide fuel cells (SOFCs). The investigations proved that many hetero-structured 
interfaces exhibit fantastic physical, chemical, and electrochemical properties including 
enhanced oxygen electro-catalytic activity and electronic/ionic conductivity compared with 
the nature of the bulk. Nickelates Ln2NiO4+δ (LNO, Ln=La, Pr, Nd) and related oxides 
with a Ruddlesden-Popper (RP) phase have recently shown promise as alternative IT- 
SOFC cathode materials. Unlike oxygen-deficient perovskite counterparts in which 
oxygen exchange and mobility are dictated by oxygen vacancies, oxygen transport in 
nickelates predominantly occurs through interstitial oxygen over the entire temperature 
range for IT-SOFC operation. The high oxygen hyper-stoichiometry (δ>0.1) exhibited by 
nickelate-type materials provides rapid bulk oxygen diffusion and surface oxygen 
exchange properties. 
The addition of a Ruddlesden-Popper (RP) (La0.5Sr0.5)2CoO4+δ (LSC113) phase on the 
surface of the perovskite La0.8Sr0.2CoO3-δ (LSC214) significantly enhances the surface 
activity of the oxygen reduction reaction at the hetero-structured boundary between the two 
phases by 2-3 orders of magnitude. It has also been found that the LSC214 decoration can 
increase the oxygen surface exchange coefficient of the La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF113) 
by 2 times [3,4], but it needs to be notice in these reports that LSCF113 (001) thin film has 
much larger oxygen surface exchange coefficient than LSC113. Meanwhile, density 
functional theory (DFT) calculations have shown that a large driving force exists in the 
inter-diffusion of A-site cationic across the hetero-structure interface, especially the lower 
diffusion energy of Sr from LSCF113 into LSC214Such inter-diffusion has been postulated 
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to stabilize Sr in LSC214 and La in LSC113. The introduction of hetero-structured 
interfaces provides a new possible solution for Sr segregation in the development of 
advanced LSC/LSCF cathodes for solid oxide fuel cells (SOFCs). 
Meanwhile, more active interfaces have been introduced in this hetero-structured cathode, 
and more complexity of reaction mechanisms is involved in the oxygen reduction reaction 
procedures. A number of investigations have been conducted to uncover the underlying 
mechanism of the high catalytic activity of these modified hetero-structured catalysts and 
tried to reveal reliable information to optimize electrodes and improve electrode 
performance and stability. However, so far the mechanisms of oxygen reduction and 
transport in different cathode interfaces are still indistinct in different types of single MIEC 
cathode materials, let alone in the hetero-structured cathode. Especially under polarization 
conditions, the variation of intrinsic properties of cathode materials is hard to detect due to 
the lack of advanced techniques operating under electrochemical conditions. The lack of 
intrinsic properties of materials and over-potential distribution theory  under 
electrochemical conditions limits the understanding of the ORR mechanism and the 
optimization of electrochemical performance and stability of cathode. Therefore, a clear 
understanding of the function of electrochemical conditions, both on the intrinsic properties 
of materials and the corresponding ORR mechanisms, is one of the urgent issues in the 
development of advanced cathodes. 
The main focus of this work is to develop an advanced hetero-structured cathode with 
remarkable stability and catalytic activity and to gain the fundamental understanding of 
over-potential on oxygen reduction reactions on the hetero-structured cathode. As is 
shown by a literature review on prior works, LNO oxides, as interstitial oxygen 
conductors, have a higher surface oxygen exchange coefficient together with an Sr-free 
chemical structure as compared to LSCF. Utilization of LNO as a surface catalyst on 
LSCF is believed to enhance the surface-limited ORR kinetics for LSCF as the result of a 
modified overall surface oxygen exchange coefficient and electrochemical reaction steps 
resulting from interstitial oxygen transport in LNO. Furthermore, the hetero-structured 
cathode surface can also be expected to maintain high activity under electrode 
polarization with fewer negative effects from surface cation segregation of Sr, which is 
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known to cause degradation issues for conventional LSCF and LSC cathodes, thus 
improving the cathodes’ long-term stability. Meanwhile, this work opens a window into 
the deep understanding of the oxygen reduction reaction mechanism under 
electrochemical conditions. The relationship between thermodynamic and 
electrochemical theory has been discussed based on Nernst equations. Projecting a steady 
state to an equivalent equilibrium status is quite a common practice, e.g. calculating the 
effective oxygen activity in a particular component under operation conditions from the 
over-potential based on the Nernst equation. It finds a wide application in SOFCs 
electrochemistry, such as yielding critical initial parameters for the modeling studies or 
providing evaluation of the stability of electrodes under loading. In fact, the equivalency 
casts influence the kinetics of electrochemical reactions as well, mediating the exchange 
rate at equilibrium status by the balanced reactant compositions vs. mediating the net 
reaction rate in a steady state by the electrical potential. Then, it appears interesting to ask 
whether such equivalency based on the thermodynamic principle, i.e. the Nernst equation, 
can be applied to the kinetics to show that the reaction rate for a steady state (net rate) is 
related to that under an equivalent equilibrium status (exchange rate). 
 
1.2 Research Objectives 
 
The primary objectives of this project are to (1) develop a cathode with a hetero-structured 
surface that possesses high performance and stability via a low-cost infiltration method; (2) 
develop a new method to inhibit the deadly issues of nanoparticles aggregation/growth and 
delamination in infiltration techniques, and (3) develop the fundamental understanding of 
ORR mechanisms under open circuit voltage (OCV) and electrode polarization conditions, 
especially the equivalence relation between thermodynamic and electrochemical driving 
force on the cathode reaction through systematic experimental investigations and 
theoretical modeling. The objectives can be further illustrated as below. 
In this work, a high performance and stable SOFCs cathode with a hetero-structured 
surface is developed by infiltration techniques. The commercial cathode materials for IT- 
SOFCs, (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ (LSCF), can serve as the backbone. A novel infiltrated 
material nickelate A2BO4+δ, which possesses high ionic conductivity due to interstitial 
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oxygen, is used as the surface layer to improve the electrode performance and surface 
stability. The correlation parameters of infiltration processes, such as infiltration solution 
composition, sintering temperature and loading amount et al. have been optimized to 
achieve the best cathode stability and electrochemical performance. The initial 
electrochemical performance has been evaluated by electrochemical testing of symmetrical 
and full cells. Long-term on-cell testing is planned to check the stability of the optimized 
cathode. Furthermore, fundamental mechanisms of oxygen reduction reaction behavior in 
the hetero-structured cathode have been studied by experimental investigation, with the 
focus on the hetero-structured surface and its effect on oxygen exchange behavior between 
the surface and the bulk of LSCF cathodes. Degradation of oxygen reduction ability for the 
infiltrated cathode has been quantitatively characterized by electrochemical measurement, 
electrical conductivity relaxation, energy dispersive X-ray detector and X-ray photoelectron 
spectroscopy. The electrical conductivity relaxation technique serves as the main 
experimental method to characterize oxygen transport behavior in the cathode especially at 
the infiltrated/cathode backbone interface. In addition, the fundamental understanding of 
oxygen reduction reaction mechanism on the different interfaces under electrochemical 
conditions is detected to reveal the underlying mechanisms of high catalytic activity in the 
hetero-structured cathode and provide valuable information in the cathode optimization. 
 
1.3 Experimental Methodology 
 
1.3.1 Infiltrated Hetero-Structured Cathode Materials Preparation 
 
The infiltration precursor solution with a concentration of 1 mol/L was composed of 
stoichiometric nitrates (Alfa Aesar) dissolved in a mixture of ethanol and deionized water 
with a volume ratio of 1:0.6. The appropriate amount of ethanol can promote the formation 
of the infiltration phase and improve its distribution status on cathode substrate. After 
infiltrating the nitrate solution into each side of a porous cathode backbone, the cells were 
sintered at different temperatures for 1 h to allow the formation of s single infiltration phase 
on the cathode backbone. Repeated infiltration followed by firing process was carried out 
to increase the amount of infiltration phase in the modified cathode. 
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1.3.2 Dense Hetero-Structured Cathode Layers Fabrication 
 
The investigated powders were synthesized by the sol-gel method. Stoichiometric nitrates 
(Alfa Aesar) were dissolved into distilled water separately together with complexing agent 
citric acid (Alfa Aesar). The mixed solution was held at 80oC and stirred until gelation. The 
gel was heated up to 600oC to decompose nitrates and organic residuals. Then, the resultant 
powders were sintered in air at 1100oC for 4h and examined by X-ray diffraction to check 
phase purity. 
The resultant powders along with polyvinyl butyral (PVB) and fish oil at the weight ratio of 
100:2:1.5 was added into ethanol (5 g powders to 30 ml ethanol), ball-milled for 24 h to 
produce suspension, and then air-brushed onto both sides of the electrolyte to fabricate a 
thin layer. In brief, the electrolyte in 1.5 g was dry pressed under 50 MPa in the die with a 
diameter of 16.5mm. The suspension was evenly sprayed onto the electrolyte surface, 
followed by an intermediate pressing of 200 MPa. The spray process was repeated, 
followed by a final pressing at 300 MPa. Electrode/electrolyte/electrode sandwiches were 
sintered to 1300oC 4h for densification. In order to avoid any possible element enrichment 
in the surface, the sintered pellets were polished manually using sandpaper and polishing 
cloth of 2 μm. The removed thickness for each sample could not be precisely controlled, 
but was estimated at about 50 μm after inspection by scanning electron microscopy (SEM, 
Hitachi S-4700F), depending on individual samples. 
 
1.3.3 Symmetrical Cells and Fuel Cells Assembling 
 
A symmetric cell configuration of LSCF|GDC|YSZ|GDC|LSCF was assembled starting 
with the preparation of 8% Y2O3- stabilized ZrO2 (YSZ, TZ8Y, Tosoh, Japan) electrolyte 
supports. A tape casting technique followed by sintering at 1450oC for 5 h was used to 
form dense YSZ electrolyte pellets with a thickness of about 300 µm. Then, identical GDC 
buffer layers were screen printed symmetrically on both sides of the YSZ electrolyte and 
then sintered at 1300oC, to avoid interactions between the YSZ electrolyte and the LSCF 
cathode. A-site deficiency (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ (LSCF) powder from Fuel Cell 
Material Co.  was dispersed into an organic vehicle ink (VHE, Fuel Cell Material Co. in 
US.) to form a slurry. Porous LSCF layers with a thickness of 10-20 µm were deposited on 
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the GDC buffer layers by screen printing. Eventually, the bonded layers were co-fired at 
1150oC for 3 h to obtain the symmetric cell using the LSCF cathode with an active surface 
area of about 0.7 cm2. For comparison and performance evaluation, LNO was infiltrated 
into both sides of the LSCF layers in the LSCF|GDC|YSZ|GDC|LSCF cell, as described 
below, to form a symmetric cell using LNO infiltrated LSCF cathodes. Pt meshes were 
attached to both electrode sides of the symmetric cells by using Pt paste as current 
collectors. For comparison, anode-supported fuel cells using LSCF or LNO infiltrated 
LSCF cathodes were prepared and measured to form NiO-YSZ|YSZ|GDC|LSCF and NiO- 
YSZ|YSZ|GDC|LNO-infiltrated LSCF. Anode-supported half fuel cells Ni-YSZ/YSZ were 
commercially available (MSRI, Salt Lake City, UT) and consisted of a ~10 μm-thick YSZ 
electrolyte and 750 μm-thick Ni-YSZ anode. The GDC buffer layer and bare/modified 
LSCF cathodes were sequentially applied to the YSZ electrolyte using the same procedures 
for the fabrication of symmetric cells as mentioned above. The whole cell was then sealed 
using mica material gaskets, attached using Pt meshes with Pt paste for cathode and Ni 
paste for anode, and fixed in a conventional single cell test stand (installed at NETL, 
Morgantown, WV site). 
 
1.3.4 Oxygen Reduction Reaction Activity Measurements 
 
Electrochemical impedance spectroscopy (EIS) is common in situ high temperature and 
high pressure electrochemical techniques, which can provide great insight into how an 
electrode performs. This technique has been widely utilized for cathodic oxygen reduction 
reaction (ORR) studies. EIS possesses the ability to evaluate how sensitive each electrode 
is to temperature, pressure and bias voltages. Also it can be utilized to elicit various 
reaction mechanisms. 
 
The electrochemical performance of the hetero-structured cathode was characterized by 
EIS through Solartron 1286 & 1260 or Autolab Model 2000. EIS measurements were 
collected on a large variety of our cathode samples under different oxygen partial pressure 
(1 atm to 2*10-4 atm) and bias voltages (-0.2 V to 0.2 V). The designed oxygen partial 
pressure was produced by mixing oxygen or air with N2, controlled via mass flow meters 
(Alicat Scientific). A 10mV AC perturbation signal was applied over the frequency range 
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2 
from 0.01 Hz to 1 MHz in each measurement. The obtained EIS spectra were deconvoluted 
and analyzed using Z-view software. Specific EIS experimental details were provided 
within each respective chapter. 
The conductivity relaxation technique involves measurements of time variations of the 
electrical conductivity of a sample after a stepwise change in the ambient oxygen partial 
pressure. To determine oxygen surface exchange (k) and bulk diffusion coefficients (D), a 
correlation between a mean conductivity and the corresponding mean non-stoichiometry 
had been established. 
t 0 t 0
0

0 (1.1) 
 
δ(0) , δ(∞), and δ(t)are separately standing for initial, final and time-related non- 
stoichiometry values. σ (0) , σ (∞), and σ (t) are conductivities correspond to δ(0) , δ(∞), 
and δ(t), respectively. 
 
C 2 C 
Based on Fick’s second law 
 t 
 D , the relationship between conductivity and 
x   
time can be established:  
 
t 0

2L
2 
expb2 Dt / a 2 

0
1  n 2 2   2    (1.2) 
  n1 bn   bn L L 
 
L 
a
 
l 

ak 
D 
 
bn tan bn 
 
(1.3) 
 
Here, a (cm) is the half thickness of the tested pellet sample in the diffusion solution. L is a 
unit less parameter from which the characteristic thickness lc (cm) can be derived as shown 
in the above equation. bn is a parameter generated during the process solving Fick’s second 
law. 
Keithley 2400 was used to offer the applied constant current and the corresponding voltage 
was measured by Keithley 2182A. The oxygen partial pressure (0.21 atm to 0.02 atm) was 
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obtained by mixing air with nitrogen. The gas flow rate and other data were collected by 
using LabVIEW software. 
 
1.3.5 Ex situ Characterization 
 
X-ray diffraction patterns were gathered by a Panalytical X’Pert PRO diffractometer with 
Cu Kα radiant. The phase composition of samples was analyzed by Jade 5 and GSAS 
refinement software. 
The surface morphology and cross section microstructure of the electrodes and cells were 
observed by using scanning electron microscope (JEOL JSM-7600F), and elements 
distribution and diffusion of the hetero-structured electrode were characterized with an 
Oxford Inca energy-dispersive X-ray spectrometry (EDS) system equipped with SEM. 
X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique that analyzes the 
top 25 to 50 angstroms of a sample exterior. The XPS measurements were carried out using 
a Physical Electronics, PHI 5000 Versa Probe (XPS/UPS) spectrometer (Chanhassen, MN) 
with a monochromatic Al Kα source operated at 300 W and a base pressure of 1*10-7Torr. 
Transmission electron microscopy (TEM) observations and elemental identifications were 
carried out on a JEOL JEM-2100 LaB6 microscope equipped with an energy dispersion 
spectrometry (EDAX, Evex Nano Analysis). 
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Chapter 2: Literature Review 
 
 
There is a consensus that global warming is occurring as a result of effluent gas emission, 
mainly CO2. Global surface temperatures have been increasing at an average of almost 
0.6oC/century for the past century, and this trend has rapidly increased in the past 30 
years based on reports from some well-known environments monitoring centers [5]. 
Nevertheless, the world population still keeps growing at a rate of 1.2-2% per year. For 
economic development to keep up with the population explosion, global energy demands 
are expected to increase up to an order of magnitude by 2050, meaning, primary-energy 
demands are expected to increase by 1.5 to 3 times [6]. With worldwide oil supplies 
shrink, governments and researchers have put relentless effort toward the development of 
new substitutable power generation technologies to meet the fuel needs of a rising 
population. The exploitation of clean and regenerative energy is one of the major 
challenges for researchers. Fuel cells converting chemical energy of different fuel gas 
reaction directly into electrical energy are efficient and environmentally clean, since no 
combustion reaction is involved in conversion [7]. 
 
2.1 Solid Oxide Fuel Cells 
 
2.1.1 Introduction and Mechanism 
 
The utilization of a solid electrolyte and higher operating temperatures (typically at 700- 
900oC) for solid oxide fuel cells (SOFCs) are a benefit with respect to efficiency, 
reliability, modularity, fuel flexibility, and environmental friendliness as compared with 
other conventional power-generating systems [8]. In addition, an SOFC system usually 
operates at extremely high temperatures (600-1000oC). Such high operating temperatures 
allow internal reforming, facilitates rapid electro-catalysis with non-precious metals and 
produces high quality byproduct heat for co-generation, thereby enhancing the efficiency 
up to approximately 70% with an additional 20% as heat recovery [9].Noble metals-free 
of SOFCs provide a competitive price and a potential long life expectancy of more than 
40000-80000 h [10]. Hence, SOFC technology is extremely suited to applications in either 
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full-scale industrial stations or large-scale electricity-generating stations. Some Toyota 
Company developers are also expected to use SOFCs in motor vehicles [11–13]. 
An SOFC consists of two electrodes separated by a hard ceramic electrolyte such as the 
remarkable ceramic material called zirconia. Hydrogen or other hydrocarbon fuels are fed 
into the fuel cell through anode, and oxygen, usually from air, flows into the cathode of 
the cell. When a load is placed on the external circuit between cathodes and anodes, 
electrons flow from anodes to cathodes. Additionally, a continuous supply of oxygen ions 
flows through the internal circuit due to (1) oxygen concentration gradient between 
cathode and anode and (2) overall electrical charge balance. Thereby, a useful electrical 
power is generated by the combustion of the fuel, as shown in Fig 2.1 [14]. The only 
byproduct of the whole processes with hydrogen fuel is water and heat from the 
exothermic reaction. Reforming natural gas or other hydrocarbon fuels to extract the 
necessary hydrogen can be accomplished within the fuel cells, eliminating the need for an 
external reformer, as is the case for other types of fuel cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Schematic of an electrolyte supported single SOFC cells 
The SOFCs reactions include: 
Anode side: 
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O 
H2 O H2O 2e (2.1) 
CO O2CO2 2e (2.2) 
 
 
Cathode side: 
CH4 4O 2H2O CO2 8e (2.3) 
 
O2 4e 2O 
2

(2.4) 
 
All the above electrochemical processes are driven by the gradient of the oxygen ions 
concentration/ oxygen partial pressure (PO2)/oxygen chemical potential across the 
electrolyte. Thus, SOFCs can also be called oxygen concentration cells. The theoretical 
reversible voltage under open circuit, EOCV, is determined by the standard electrode 
potential and the different oxygen concentration between two electrodes, as given by 
Nernst equation: 
RT PO  cathode
EOCV E 
 ln

4F 
2 
P  anode 
2 
(2.5) 
 
Where R is the universal gas constant, T is temperature in degrees Kelvin, and F is 
Faraday’s constant (96500 C/cm). The coefficient 4 represents the number of transferred 
electrons per mole of oxygen molecule reduced in the cell. The PO2 at the cathode is 0.21 
atm when air used as an oxidant through the cathode side of SOFCs. In laboratory 
experiments, the commonly used hydrogen gas with steam is generally fed into the anode. 
Consequently, the PO2 at the anode can be deduced based on the equilibrium constant 
and the Gibbs free energy of the following equation: 
H  (g) 
1 
O 
(g)  H 
O(g) (2.6
) 
2 
2 
2 2 
Therefore, at the anode side, the change in Gibbs free energy and oxygen partial pressure 
can be expressed using Equations (2.6-2.8) by assuming all the water exists in the form of 
steam during the gas delivery process between the water bubbler and the SOFC anode, 
Keq  P 
P
H 
2O 
P 
1/ 2 
(2.7) 
H2 O2 
2
2
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H 
eq 
P 2 
T 
GT HT TST RT lnK 

(2.8) 
 
Oxygen partial pressure can be predicted as: 
 
P 

2 
H 2O  
exp
2TST   HT 
(2.9) 
P 
O    
 2       RT 
Here, Keq  is the equilibrium constant of Equation (2.6), H T is heat change, and S   is 
entropy change. The theoretical Nernst potential at any SOFC operation temperature can 
be estimated by substituting PO2 in Equation (2.9) and PO2 of cathode in Equation (2.5) 
[15]. However, the actual cell voltage obtained under operation conditions is always lower 
than the theoretical Nernst value [16]. The departure of the operating voltages from the 
theoretical values due to the passage of faradaic current is defined as polarization. Over- 
potential η can be indicative of the extent of polarization, which is induced by ohmic loss 
(ηohm), charge transfer (activation) polarization (ηact) or diffusion (concentration) 
polarization (ηcon). 
ohm con act (2.10) 
Ohmic loss arises from the resistance to ionic transport flow in ionic conductors or 
electrons transport in electronic conductors or interfacial contact between cell 
components, i.e., electrodes and electrolyte. The main contribution of the ohmic 
polarization is the slow ionic transport in electrolyte material, which is directly 
proportional to the magnitude of current flowing through the cell based on ohm’s law 
E iRs [
17,18 ].  Activation  polarization  occurs  when  reacting  chemical  species  are 
involved in electrode reaction[10]. Thus, for an electrode chemical reaction, the activation 
energy barrier of the rate limiting step of the reaction happening in multiple steps has to 
be overcome, which requires an extra potential energy. And the chemical reaction rate is 
governed via the Butler-Volmer relation: 
 nFact  1 nFact 
i i0 exp 
RT
 exp 
RT 
(2.11) 
    
Where i0 is the exchange current density, α is the transfer coefficient, n is the number of 
electrons taking part in the reaction at the electrode, and ηact is the activation over- 
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potential. This equation relates to the rate of charge transfer process reacting at the 
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electro-catalyst (electrode)/electrolyte and electro-catalyst (electrode)/gas interface and 
representing with current density to the activation over-potential. Activation polarization 
is typically an issue occurring in cathodes. This is attributed to the slow oxygen reduction 
reaction kinetics which involves the breaking of high strength bonds present in oxygen 
molecules. Thus, the reaction rate using oxygen gas as an oxidizer (at the cathode) 
becomes slower by several orders of magnitude compared with fuel oxidation reactions at 
the anode [15,17]. Concentration polarization occurs when the reacting molecules are 
consumed at a faster rate, or when products are not removed quickly enough from the 
reaction sites. This lowers the concentration of reactant species, i.e., low oxygen partial 
pressures at the cathode or low partial pressure of fuel at the anode compared with the 
bulk supply. Such a behavior leads to a reduction in the voltage output, and creates a 
significant disadvantage when high current is drawn from the SOFC. In extreme cases, 
the concentrations of reacting molecules reduce to zero at the reaction site, current drops 
to a limiting unsustainable value, and the fuel cell ceases to run. These losses cannot be 
eliminated, but it is possible to minimize these losses by incorporating a proper choice of 
materials, organized microstructural engineering, and optimized fabrication/or design of 
each cell component [18]. 
In order to delineate the significance of SOFC components, the sequence of processes 
supported at each component of SOFC must be isolated. Hence, it becomes essential to 
assess the reactions occurring at each of the electrodes, the oxide diffusion through 
electrolyte, passage of electronic current through interconnects, and the separation of fuel 
and oxidizer through sealants. Thus, in the following sections each cell component of 
SOFC will be described based on their functionality, material and microstructural aspects, 
and their associated problems. 
 
2.1.2 Component Requirements 
 
Traditionally, an yttrium-stabilized zirconia (YSZ) electrolyte, lanthanum strontium 
manganite (LSM) cathode and a Ni-YSZ anode comprise the major parts of SOFCs, which 
needs a high operating temperature (1000oC) to ensure a good performance [19]. However, 
the main challenges of the operation of SOFCs at high operating temperatures (800-1000oC) 
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include: (1) extended startup times since a period of fuel burning is required in order to 
reach the operating temperatures; (2) exert sealing problems due to the coefficient of 
thermal expansion (CTE) mismatch of adjoining materials; (3) the requirement of 
expensive interconnect and integration of materials for SOFC stacks for the tapping of 
useful power; (4) thermal stresses at electrolyte-electrode interfaces; as well as (5) elements 
inter-diffusion between cell components[10]. High temperature thermal cycles not only 
induce a substantial thermal stress on the materials, but also increase the diffusion kinetics 
which can change the chemistry of the adjoining components. Hence, these aspects must 
also be kept under consideration during SOFC operation. Therefore, an effective approach 
to solve these problems is to reduce the operating temperature to 600-800oC. An added 
bonus of lowered operating temperatures is the possibility of direct (and cleaner) oxidation 
of methane without any carbon deposition, which would eliminate the need of reforming 
fuel. For these reasons, recent research focus has been towards lowering the operating 
temperature of SOFC. Unfortunately, lowering the operating temperature induced poorer 
cell performance due to increased polarization resistances of the electrode reactions and 
decreased electrolyte conductivity, and the barriers to low operating temperatures are many. 
To gain a better insight into lowering the operating temperature of SOFC, we must first 
understand the construction of SOFC, the various reactions mechanism and energy losses 
that occur in the different components of SOFCs. 
 
2.1.2.1 Anode 
 
The porous anode provides electrochemical oxidation reaction sites of the fuel, offers a 
path for released electrons to be transferred from the gas/electrolyte/anode reaction sites to 
the current collector in SOFC stacks, and allows the fuel and by-products to be delivered 
and removed from the surface sites. It must show high electro-catalytic characteristics 
toward oxidation of fuel gases, and rapid electrochemical catalysis on the hydrocarbon 
reforming. The desired anode is expected to be a mixed electronic and ionic conductor 
firstly with remarkable electronic conductivity to allow the passage of electrons. Secondly 
the excellent dimensional and chemical stability is expected for anode materials selection in 
reducing  atmospheres  at  high  operating temperature  of  SOFCs.  And  except  for  self- 
16 
 
 
stability of anode materials under lower oxygen partial pressures, chemical compatibility 
and CTE matching with neighboring components are required for anode materials selection. 
Besides, anode materials are also supposed to display excellent resistance on carburization 
and sulfidation issues. [20]. 
Porous composite Ni/YSZ is currently the most common anode material for SOFC 
applications due to powerful electro-catalytic property and low cost. Metal nickel provides 
electronic conductivity and excellent electro-catalytic activity for hydrogen oxidation and 
natural gases reforming. The addition of YSZ adds ionic conductivity and helps create a 
suitable CTE, thus effectively broadening the triple phase boundary (TPB) areas and 
enhancing the dimensional stability. Moreover, Ni and YSZ are chemically stable in 
reducing atmospheres, essentially immiscible with each other and non-reactive in a wide 
temperature range. In the development of Ni-YSZ anode, excellent low anode over- 
potential has been achieved by optimizing the microstructure [21,22]. Two prominent 
drawbacks, poor carbon and sulfur resistances, limit the widely application of Ni-YSZ 
anode cermet. Carbon deposition on nickel particles surface give rise to the rapid 
deterioration of cell performance with dry methane and other hydrocarbon fuel gases due to 
the incomparable excellent electro-catalyst of nickel and insufficient steam and transported 
oxygen ions in anode. Another limitation to the use of hydrocarbon gas, as fuel, results 
from poor sulfur tolerance of Ni-YSZ anode. The deactivation from sulfur poisoning occurs 
due to strongly adsorption of H2S on active sites of nickel, and thereby leads to the 
substantial rapid anode failure occurring at TPBs [23,24]. 
In the search for alternative anode materials with fuel flexibility and capability of resisting 
sulfur contamination and carbon deposition, ceria-based anodes are widely confirmed to be 
effective in inhibiting carbon deposition since ceria has long exhibited excellent electro- 
catalyst on methane oxidation reaction. Both doped and un-doped ceria are provided with 
mixed ionic and electronic conducting at low oxygen partial pressures, which offers 
sufficient oxygen ions and directly converts the methane to carbon oxide and water. 
Therefore, they are benefit for the utilization of hydrocarbon fuels with a low steam content 
[25]. And to further improve the stability and performance of anode, the addition of metal 
Cu  in  ceria  based  anode  have  been  investigated  because  Cu  shows  high  electronic 
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conductivity and excellent carbon deposition resistance. These composite anodes exhibits 
better electrochemical performance and higher resistance to carbon deposition than most 
current available conventional anode materials for SOFCs [26]. Meanwhile, some 
perovskite oxides with mixed ionic and electronic conductivity have attracted considerable 
attention. Lanthanum chromite has been firstly explored as anode materials due to its 
appropriate thermal and chemical stability. A site Sr and B site Ti, V, Nb, Mo and W 
substitution in LaCrO3 display excellent resistance to carbon deposition even though its 
weak activity upon the methane reforming is not appreciably enhanced [14]. Recently, 
Goodenough and co-workers have reported that the double perovskite Sr2Mg1-xMnxMoO6- 
xcould provide remarkable long-term stability and tolerance to sulfur as anode materials 
with natural gas as the fuel in the operating temperatures range of 650-1000oC with [27]. 
Further modification of the double perovskite Sr2Mg1-xMnxMoO6-x by La, Pr, Ba, Sr doping 
on A-site and Co, Fe, Mn substitution on B-site have been gradually valued by researchers 
[28]. 
Although progressive efforts have been made in the development of alternative anode 
materials, significant problems remain, particularly with the low resistance to carbon 
deposition and sulfur poisoning. Nevertheless, the desirable catalytic activity comparable 
with nickel and the high electronic conductivity properties warrant their further study. 
 
2.1.2.2 Electrolyte 
 
An electrolyte in SOFCs provides transmission medium for reduced oxygen ion and 
conducts it from cathode side to anode side where it reacts with hydrocarbons to produce 
H2O and CO2, and thereby completes the overall electrochemical redox reaction. A 
thermally activated process with oxygen vacancy hopping mechanism was assumed for 
oxygen ions conduction in the electrolyte. Large interionic open space, combined with low 
migration enthalpy less than 1 eV, is desired to achieve a high level of point defect hopping 
in the electrolyte crystal structure. Therefore, the main requirements for an efficiently 
electrolyte are: (1) sufficiently high oxygen ion conductivity (0.1 S/cm at operating 
temperature); (2) extremely low electronic transference properties to avoid current leaking 
(<10-3); (3) terrific thermodynamic and chemical stability in a wide range of temperatures 
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(room temperature-1000oC) and oxygen partial pressures (1-10-22atm); (4) chemically inert 
toward both electrode materials under operating conditions; (5) compatibility of CTE with 
neighboring cell components; and (6) sufficient mechanical strength (>400 MPa) [29]. 
A variety of ceramic materials have been employed as solid non-porous electrolyte in 
current technology. Stabilized zirconia with oxygen ions conductivity, especially yttrium- 
stabilized zirconia (YSZ, (ZrO2)0.92(Y2O3)0.08), scandium-stabilized zirconia (ScSZ, 
(ZrO2)0.90-0.88(Y2O3)0.10-0.12), are the most common electrolyte to date. Adding Y or Sc into 
the fluorite structure-based zirconia introduces more oxygen vacancy defects and inhibits 
the phase transformation successfully. The ionic conductivity of ScSZ is much higher than 
that of YSZ at high temperature. The higher conductivity of ScSZ is attributed to the 
similarity of ionic size between Zr4+ and Sc3+ (Y3+>Sc3+>Zr4+) that leads to a smaller 
energy for defect association, and thereby increases oxygen ions mobility. However, the 
conductivity advantage disappears below 500oC, becoming similar to or then lower than 
that of YSZ. Moreover, phase transformations in ScSZ appear from a distorted fluorite 
phase to a tetragonal phase after 5000h aging, and the conductivity of ScSZ decreases to 
the same level as that of YSZ, which was initially about twice as high as that of YSZ [30–32]. 
Similar fluorite structure-based ceria is another common electrolyte selection for SOFCs. 
Compared to pure zirconia, ceria owns much more intrinsic oxygen defects, particularly at 
low temperatures, and thereby can be a potential electrolyte material for IT-SOFCs. To 
increase the concentration of oxygen vacancy defects, ceria is also doped with low valence 
elements. The rapid oxygen transport properties have been obtained for gadolinium and 
samarium (GDC and SDC) doping with the lowest size mismatch with cerium.  The 
primary disadvantage of doped-ceria is current leaking in the internal cells and reduction of 
the open circuit voltage that result from electronic conduction at low oxygen partial 
pressure [33,34]. Another class of fluorite-type structure electrolytes, based on Bi2O3, also 
has a highly deficient oxygen sub-lattice at low temperature. Unfortunately, Bi2O3-based 
materials possess a number of disadvantage to prevent the application in solid oxide fuel 
cells, including decomposition in reducing atmospheres, a high corrosion activity and low 
mechanical strength [35,36]. 
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The perovskite, LaGaO3, doped with strontium and magnesium, La1-xSrxGa1-yMgyO3 
(LSGM), is another serial electrolyte materials for low-temperature or intermediate SOFCs. 
The conductivities of LSGM is higher than that of YSZ and ScSZ at low temperature. Even 
though LSGM has similar to or lower conductivity than that of GDC, it is still superior to 
GDC as electrolyte in low oxygen partial pressures due to excellent chemical stability and 
inertia. Meanwhile, the chemical compatibility LSGM with common perovskite electrodes 
is much better than YSZ and GDC since similar crystal structure and elements introduce 
simple mutual inter-diffusion of elements instead of forming an insulting second phase in 
YSZ or GDC electrolyte. However, restriction on the processing conditions is a challenge 
for LSGM formation of a pure single-phase perovskite structure. And one of the challenges 
for LSGM electrolytes application is the development of cost-effective processes to 
fabricate the desired single-phase structure [37,38]. 
Aluminum or magnesium dopedLa10Si6O27 with the apatite structure have also been 
investigated. The ionic conduction properties of doped La10Si6O27were enhanced by 
increasing non-stoichiometric oxygen species, which suggests an interstitial ionic 
conduction mechanism [39,40]. And the pyrochlore structure electrolytes have also been 
investigated for potential electrolyte materials. Similar structure with the cubic fluorite 
ceria and zirconia could provide one oxygen defect per unit cell and exhibit a good oxygen 
ion conduction properties [41]. 
 
2.1.2.3Cathode 
 
On the cathode side, diatomic oxygen molecules are reduced to oxygen ions by accepting 
electrons from the external circuit and produced oxygen ions are taken into oxygen vacancy 
defect in the electrolyte. Therefore, these electrochemically active steps are restricted to an 
area close to triple phase boundaries. Mixed ionic and electronic conductors (MIEC) 
offering more TPBs areas gradually attract the considerable attention in the development of 
cathode materials. The investigation of oxygen reduction reaction mechanisms in the MIEC 
cathode have indicated that the elementary reactions in different interface and bulk are 
usually considered to separate as follows [36,37]: (1) the surface reduction of O2 molecules 
involving adsorption, dissociation and incorporation of the oxygen species into the lattice 
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of the cathode materials; (2) ionic transport through the porous cathode toward the 
electrolyte driven by concentration difference of oxygen vacancy; and (3) the charge 
transfer of oxygen ions at the cathode/electrolyte interface. A satisfactory cathode material 
should supply sufficient electron transport (100 S/cm), oxygen defect transport (0.01 S/cm), 
oxygen molecule supply (adequate porosity), and high catalytic activity for oxygen 
reduction reaction in accordance with the oxygen reduction mechanisms. Meanwhile, 
superior self-chemical stability and excellent thermodynamic and chemical compatibility 
with adjacent components are expected in the development of cathode materials. Based on 
the above requirement, various new cathode materials have been developed. Composites of 
Sr-doped LaMnO3 (LSM) and YSZ are a preferred cathode for high-temperature SOFCs 
operating at 800-1000oC. Prominent MIEC materials, such as perovskite (La,Sr)(Co,Fe)O3- 
δ, layered perovskite Ln2(Ni,Co,Fe)O4+δ and double perovskite LnBa(Co,Fe)2O5+δ have 
been employed as cathode materials for IT-SOFCs (500-750oC). Remarkable initial 
electrochemical performances have been obtained with these MIEC materials and the 
cathode polarization resistances decrease to about 0.1Ωcm2 at 750oC. However, the 
stability of cathode performance is worth to be concerned after through different time, 
temperature, thermal cycling, polarization and operating conditions treatment. Cations 
segregation on cathode surface and impurities production have frequently been reported in 
research after long-term operation [42–45]. Moreover, instead of pure electronic conductive 
materials, more and more mixed ionic and electronic conductors (MIEC) with single, layer 
or double perovskite crystal structure have been developed and applied as commercial 
cathode materials [46–51], which exhibit excellent oxygen bulk transport properties. As a 
consequence, the internal reactive surface and bulk transport pathway (2PB) are activated 
because of their high ionic conductivity. More interfaces have been introduced in ORR 
process, more complexity of reaction mechanism involved. The mechanisms of oxygen 
reduction and transport are still indistinct in different types of MIEC cathode materials. 
Especially under polarization conditions, those variation of intrinsic properties are hard to 
detect due to the lack of advanced techniques operating under electrochemical conditions. 
The lack of intrinsic properties of materials and over-potential distribution theory under 
electrochemical  conditions  limits  the  understanding  of  the  oxygen  reduction  reaction 
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mechanism and the optimization of electrochemical performance and stability of cathode. 
Therefore numerous models have been established to simulate the electrode reaction 
procedures and predict the electrode performance on operation cells based on those 
intrinsic parameters and well-known ORR mechanism. Therefore, important issues in the 
field of cathode development are exploring the influence of various factors, especially 
polarization, to the oxygen reduction reaction mechanism and developing advanced 
materials, microstructure, or buffer layers to inhibit the segregation and impurities 
production. 
 
2.2 Fundamental Background of Solid Oxide Fuel Cells Cathode 
 
 
2.2.1 Cathode Oxygen Reduction Reaction Mechanism Models 
 
Electrode reaction mechanism is a fundamental issue for electrochemistry study, which 
reveals how to optimize electrode and performance. Over the past 30 years numerous 
SOFCs cathode models have been gradually built up by researchers due to the lack of solid 
state ionic conductivity theories and heterogeneous reaction mechanisms. Modeling and 
simulation techniques have been used to improve understanding of the reaction 
mechanisms and kinetics of electrode processes in SOFCs. It has been well accepted that 
two charge transfer processes occur across the electrode/electrolyte and electrode/current 
collector interface coupling with over-potential [46,52]. Over-potential relates to the potential 
difference between a thermodynamically determined standard electrode reduction potential 
and the experimentally observed electrode potential. The electrochemical activity of these 
two charge transfer processes generally are expressed by Butler-Volmer equation under 
electrochemical driving forces. The bulk oxygen transports in electrode or electrolyte obey 
Fick’s law and Nernst-Planck equation, either based on constant electric field or local 
charge neutrality. 
The most arguable issue for micro-models is whether the surface oxygen reduction reaction 
involves an electrochemical process and multiple intermediate species. Adler [52,53], as one 
of the early researchers on ORR mechanisms, claimed the oxygen reduction reaction is a 
purely chemical process at the gas/electrode interface and charge transfer processes occur 
22 
 
 
2 
ad 
O 
2,ad 
ad 
O 
2,ad 
2 
2 
through the electrode/electrolyte and electrode/current collector interface. The different 
processes can response to the various cell impedances. With further research, in view of 
complexity of oxygen reduction reaction, some researchers proposed that oxygen reduction 
needs to be finished in many sequential steps and products some chargeable intermediates 
during the reaction process, instead of a single chemical step. And since oxygen reduction 
is consist of chargeable particles involved elementary reactions, it has been believed that 
the cathode oxygen reduction reaction of SOFCs was an electrochemical process [54–60]. 
Various elementary reactions were offered by researchers based on the overall oxygen 
reduction reaction: 
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F.H. van Henveln assumed that there were three pathways for the charge transfer near 3PB 
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Liu  et  al.  proposed  several  possible  reaction  pathway  for  the  reaction  on  gas/MIEC 
interface. Firstly only O

was considered as charged intermediates in oxygen reduction, 
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Or, both O

and O 

were involved in the reaction: 
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Further, they discussed the instantaneous relationship of intermediate species that is 
influenced by kinetics more than thermodynamics. Hence the reaction confirmed as 
electrochemical. However, based on present available techniques, it is still hard to 
determine the exact nature of intermediate species in the reaction. 
Meanwhile, since researchers considered that cathode reaction as an electrochemical 
process, surface over-potential needs to be introduced into modeling simulations except for 
the single electrode/electrolyte interface over-potential, which results from the adsorbed 
chargeable intermediates. The distributions and relationship of those potentials (interface 
over-potential and surface over-potential) and resultant influence on electrode processes are 
complex and still unclear in current investigation. J. Fleig [56] discussed the application of 
surface over-potential change Δχ under electron transfer step control and ion transfer step 
control conditions. He also studied the relationship of MCE surface over-potential (Δχ) and 
electrode/electrolyte interface over-potential (η). Liu [61] developed a 2-D model based on 
Fleig’s theory of MIEC surface over-potential. The simulation results show that under low 
over-potential the ionic transportation will be the rate limiting step which means low over- 
potential doesn’t strongly affect oxygen reduction on the surface. Under high over-potential 
(750 mV), the sheet resistance will be the main factor of the reaction rate which means that 
the surface exchange step will be the rate limiting step. In MIEC bulk, based on high 
electronic and ionic conductivity, the uniform electrochemical potentials are assumed in 
many models. However, the assumption of uniform Fermi-level and perfect current 
collection throughout the cathode might be problematic for the systems with high oxygen 
vacancy concentration and certain thin-film structure. And the influence of over-potential 
on the bulk pathway were discussed based on drift diffusion equations by our group. 
Therefore, besides the thermodynamic concentration gradient, electrical field force 
produced by the electrostatic potential is also the driving forces in the ion diffusion and 
introduces new concepts in handling chemical and electrical contributions in the overall 
electrochemical response of electrode system. But because of the lack of technology, the 
detection of single surface over-potential and distinction between different over-potential is 
hard to perform to prove the theoretical analysis. Therefore, how surface over-potential 
works on surface molecular diffusion and exchange processes, how interface over-potential 
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and surface over-potential influence with each other and how electrostatic potential 
distributes in bulk between surface and interface area are still the open questions in the 
development of cathodes for IT-SOFCs. It is found that the electrode bulk is not locally 
electroneutral and the resultant electrostatic gradient can be established in the region near 
electrolyte due to the uneven distributions of ions and electrons. 
 
2.2.2 Cathode Materials 
 
Three types series of ceramic oxide that have been studied as cathode materials in the past 
30 years are perovskites ABO3-δ, layered perovskites A2BO4+δ, and ordered double 
perovskites AA’B2O5+δ as below. 
 
2.2.1.1ABO3 Perovskite Oxides 
 
A significant number of oxide compositions with the ABO3-δ perovskite structure have 
been investigated as cathode materials in IT-SOFCs. A perovskite-type oxide has the 
general formula ABO3, in which A and B are cations with a total charge of +6. The A-site 
cation is a mixture of the rare and alkaline earth (such as La and Sr, Ca or Ba), while the B- 
site cation is a reducible transition metal such as Mn, Fe, Co or Ni. The larger A-site 
cations are coordinated to twelve oxygen anions while the B cations occupy the much 
smaller room and are coordinated to six oxygen anions. Fig. 2.2 shows the typical structure 
of the cubic perovskite ABO3-δ. The δ oxygen vacancies are formed along with divalent 
alkaline mixture of A-site and the valence alternation of B-site transition metal based on 
charge compensation principle. Vast oxygen defects and valence alteration in cubic 
perovskites phase generate ionic and electronic conductivity to promote oxygen reduction 
activity on cathode surface. Full or partial substitution of A or B cations with cations of 
different valence to further design and optimize the cathode materials [62,63]. However, the 
distortion of BO6 octahedral occurs in many doped perovskite materials without cubic 
symmetry due to the ionic radius of the A and B substituted atoms, which impacts the 
superior mixed ionic and electronic conduction properties. The degree of distortion or tilt in 
ABO3 perovskites can be determined in term of the Goldschmidt tolerance factor (t) as 
follows: 
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t rA rB / 2rB rO  (2.12) 
Where rA, rB and rO are the effective ionic radii of A, B and O ions, respectively. When the 
tolerance factor is near unity, an ideal cubic structure can be obtained. The introduction of 
smaller A or bigger B cations reduce the tolerance factor with a cation displacement and 
tilting of BO6 octahedral and transfer phase structure to an orthorhombic symmetry. 
Therefore, with a rational selection of A- and B- site cations, a large and stable number of 
oxygen ion vacancies can be introduced into cathode materials facilitating surface oxygen 
reduction and bulk ionic oxygen transport [62,64–71]. Meanwhile, various investigation on 
doped lanthanum ferrites/cobaltite, it indicates that the enhancement of ionic conductivity 
is heavily influenced by Sr concentration at the A-site while the electronic conductivities is 
impacted by Fe and Co concentration at the B-site [50,54,72–77]. The A-site deficiency has 
only a small effect on the CTE while much more Sr content results in a higher CTE due to 
higher oxygen vacancy concentrations. 
 
 
 
Figure 2.2 Structure of simple cubic perovskite 
 
 
Strontium-doped lanthanum manganite (LSM) is a common perovskite materials used as 
cathode in SOFCs. It remains the preferred choice for high-temperature SOFCs in the 800- 
1000oC range because of its high electrical conductivity and high catalytic activity for 
oxygen reduction reaction. Moreover, LSM shows excellent stability for long-term 
performance  due  to  high  thermal  stability,  and  chemical  compatibility  with  standard 
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electrolytes at operating conditions. Researchers continue to improve its performance at 
intermediate temperatures (500-750oC) [19,78–84]. 
Perovskite-related  cobaltites  have  high  mixed  electronic  and  ionic  conductivities  and 
exceptional electrochemical activity for oxygen reduction and possess considerably better 
cathodic and transport properties [51,85–89]. As for the manganite and ferrite electrodes, the 
primary attention for potential electrochemical applications is drawn to perovskite-type 
(Ln,Sr)CoO3-δ and solid solutions on their base. LaCoO3  exhibits a rather high electronic 
density of states near the Fermi level. The marked catalytic properties of LaCoO3  are 
associated with electron occupation of the filled d state near EF  and with the buildup of 
surface charge so as to enhance the electron transfer between a surface cation and a 
potentially  catalyzed  species  [90–93].  La1-xSrxCoO3-δ   exhibits  a  complex  behavior  with 
respect to the dependence of non-stoichiometry, electrical, and magnetic properties on the 
strontium  content,  temperature.  Sr-doped  samarium  cobaltite  (Sm1-xSrxCoO3,  SSC)  is 
another  widely  studied  cathode  material  for  IT-SOFCs  showing  a  higher  electrical 
conductivity. The electrical conductivity of this composition shows metallic-like behavior 
and reaches up to 103 S/cm in the temperature range of 800-1100oC [94–97]. Unfortunately, 
they typically have high CTE (>20×10-6  K-1) as a result of the formation of oxygen 
vacancies, spin-state transitions associated with Co3+, and the relatively weaker Co-O bond 
compared with the Mn-O bond. Therefore, modification of the composition has been 
studied to mitigate the effects of thermal expansion. Moreover, undesirable interfacial 
reaction between the electrode and YSZ electrolyte forms an insulating phase at low 
temperatures  (700oC)  [98].  The  utilization  of  perovskite-related  cobaltite  requires  an 
additional intermediate barrier layer, typically of doped ceria, to prevent the formation of 
low conductive impurities without negatively effects on the electrochemical performance. 
Lanthanum ferrite is expected to be more stable than cobaltite perovskites due to the stable 
electronic configuration 3d5 of Fe3+ ion [99]. Sr-doped LaFeO3 (LSF) cathodes have shown 
promising performance concerning the power density and stability at 750oC. In iron-based 
perovskite cathodes, TECs are relatively comparable with those of the YSZ and GDC 
electrolyte.   In  addition,  reactivity  with  YSZ  is  remarkably  reduced   [100–106].  By 
incorporating La deficiency in La0.8Sr0.2FeO3, Ralph et al. [
99] found that the area specific 
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resistance (ASR) of this cathode was significantly reduced and reached 0.1Ωcm2 at 800oC. 
No significant degradation over 500h operation indicates A-site deficient La0.8Sr0.2FeO3 is a 
potential cathode material for lower-temperature SOFCs. 
Combining the extraordinary catalysis of cobaltite with the stability of ferrite, La1- 
xSrxCoyFe1-yO3-δ (LSCF) have been widely investigated in the series of perovskite materials. 
Remarkable electronic (300 S/cm)and ionic conductivity (0.01 S/cm) and catalysis have 
been observed at intermediate temperature 600-800oC [107–111]. The oxygen self-diffusion 
coefficient of LSCF is 2.6×10-9 cm2/s at 500oC, superior to that of LSM with 10-12 cm2/s at 
1000oC. In addition, the TECs is 13.8×10-6 K-1 for La0.6Sr0.2Co0.2Fe0.8O3-δ at 700
oC, which 
matches with commonly used electrolytes [112–114]. Mai et al. [115] recently observed that a 
small A-site deficiency and a high strontium had a particularly positive effect on the cell 
performance using La1-x-ySrxCo0.2Fe0.8O3-δas a cathode material. The measured current 
densities of cells consisting of La1-x-ySrxCo0.2Fe0.8O3-δ cathode, GDC electrolyte, and a NiO- 
YSZ anode were as high as 1.76 A/cm2 at 800oC and 0.7 V, which is about twice the 
current density of cells with LSM/YSZ cathodes. 
However, long-term degradation of strontium-doped perovskite cathode materials remains 
a concern for this class of materials due to Sr out-diffusion on the cathode surface. As a 
result, less effective reaction areas and more secondary insulating phase formation suppress 
the overall oxygen reduction reaction activity. It has been found that partial decomposition 
of the perovskite usually has severely influence on the cell degradation than interface 
reactions during the operation [116–123].The improvement of cathode long-term performance 
is one of the most important issues for the development of IT-SOFCs. 
2.2.1.2 Layered-Perovskite Oxides 
 
Recently, many investigation on A2BO4 (A=La, Pr and Nd, B=Co, Fe and Ni) oxides with 
the K2NiF4-type structure were reported as a promising candidate of cathode materials for 
IT-SOFCs [124–132]. The ideal K2NiF4-type structure can be regarded as a combination of 
the ABO3 perovskite and Ln2O2 rock-salt layers stacked one upon the other along the c-axis 
as shown in Fig. 2.3. This structure has been demonstrated to be able to accommodate a 
significant interstitial oxygen (in the center of lanthanum tetrahedron) or generate lots of 
oxygen vacancies (in perovskite layer) with proper doping strategy. The two types of non- 
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stoichiometry oxygen enable the alteration of the physical-chemical properties in a wide 
range. Previous studies [85,97,100,113] have shown that rapid oxygen diffusion, better 
thermochemical stability and thermal expansion coefficient have been evidenced in A2BO4 
oxides compared with perovskite ABO3 oxides. 
 
 
 
Figure 2.3 Structure of layered perovskite 
 
A collection of surface oxygen exchange coefficients and bulk oxygen diffusion 
coefficients of different A2BO4+δ indicates that the layered perovskite have relatively higher 
bulk oxygen diffusion properties than LSCF. The substitution of A-site cations by di- 
valence element has negative effect on oxygen diffusion, which reduces the amount of 
interstitial oxygen defects and results in the decrease of the oxygen diffusion coefficient, 
but it has no significant effect on surface oxygen exchange performance [129,133]. Whereas 
B-site doping has greatly different impact on k and D values, depending on the intrinsic 
properties of doping element, as that observed before in the perovskite materials [134–136]. In 
general, substituting nickel with cobalt dramatically enhances both k and D due to larger 
oxygen non-stoichiometry generation and high catalytic activity of cobalt. Further 
investigation on the k coefficients for La2-xSrxNi1-yMyO4 compounds (M=Fe, Cu, Co) 
indicated that substituting copper for nickel seems to reduce k values and substitution of 
iron, at least for small amounts, seems to have slightly influence on the catalytic activity. 
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Compared to the widespread Sr and Co co-doped perovskite cathodes (LaSr)(CoFe)O3-δ 
(LSCF), La2NiO4+δ(LNO) displays smaller thermal expansion coefficient making it more 
compatible with intermediate temperature electrolytes such as GDC and LSGM, and thus 
enhances the long-term stability [133,137–139]. It has been shown that substitutions at the A 
site by Sr or at the B site of A2BO4 compounds influence the amount of oxygen 
stoichiometry, which in turn effects on the thermal expansion properties [140–142]. Most of 
A2BO4+δ compounds exhibit lower conductivities ranging from 40 to 100 S/cm at 400- 
800oC than the well-known perovskite materials with p-type conducting behavior. By 
comparing the total electronic conductivity of different Sr-doped Ln2MO4 (M=Ni, Co, Fe, 
Mn) materials, it can be found that Ln2NiO4+δ always have the highest conductivity and the 
lowest activation energy [143]. Ln2CoO4+δ compounds achieve comparable conductivity 
values with the analogues nickelates above 600oC. Ln2(Fe,Mn)O4+δ oxides exhibits 
relatively low conductivity, less than 20 S/cm at 600oC in air. By further improving the 
total conductivity of different A2BO4+δ compounds, di-valent cations, such as Sr, have been 
doped into oxides considering the different electro-neutrality compensation mechanisms. It 
can be found Sr2+ doping seems to have great effect on the conductivity. The ferrites doped 
with 1.2mol Sr2+ show the highest conductivity values among the La2-xSrxFeO4. 
Substitution of strontium in Ln2-xSrxM1-yM’yO4 (Ln=La, Nd; M, M’=Cu, Fe, Ni, Co) has 
effectively retarded chemical reactivity with GDC and SDC electrolyte at high temperature 
[143–147]. The investigation indicated that Sr-doped Ln2MO4 exhibited remarkable chemical 
compatibility. No reaction was observed at 1000oC in air, even for a prolonged 144h 
sintering duration. Sr- doped Pr2MO4 have also been studied. The result shows that the 
addition of Sr has dramatically improved thermo-stability and chemical compatibility of 
A2BO4+δ with YSZ electrolyte at high temperature. All above information indicated that it 
is the situation of Sr and Co doping in Ln2NiO4. 
 
2.2.1.3 AA’B2O5Double Perovskite Oxides 
 
In the mixed conducting oxides with the general formula AA’Co2O5+δ (A=rare earths, Y 
and A’=Ba, Sr), the combination of rare and alkaline earths on the A-site gives rise to the 
existence of A site ordering. The ideal structure of this family of compounds can be 
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represented by the stacking sequence LnOδ-CoO2-BaO-CoO2. The structures of 
representative examples of this class of compounds are shown in Fig. 2.4. Transformation 
of a simple cubic perovskite with randomly A-sites occupation into a overlapped crystal 
structure with alternating lanthanide oxide and alkali earth oxide planes reduces the 
strength of oxygen binding and tenders disorder-free channels for ionic transport, thereby 
theoretically improving the oxygen diffusivity by many orders of magnitude [148–156]. 
 
 
 
Figure 2.4 Structure of double-layered perovskite 
 
Taskin et al. [157] have observed high rates of oxygen incorporation in GdBaB2O5+δ (B=Mn, 
Co), indicating the importance of vacancy layer on this process. Oxygen diffusivity could 
be enhanced by several orders of magnitude by eliciting crystallographic ordering of 
lanthanide and alkali-earth oxide layers in the A-site sub-lattice. Zhang et al. [158] found 
that the ionic radius of A site lanthanide cations in LnBaCo2O5+δ is directly related to the 
stability of ordered structure under reduction condition. The ordered double perovskite 
could be kept for the composition with Ln=Pr, Nd, Sm and Gd but not for Ln=La or Y. 
Rapid oxygen diffusion, exceeding 10-5cm2/s at 600oC, and high surface exchange rates 
have been yielded with quite low activation energy, and the ionic conductivity of about 
0.01S/cm could be achieved at nearly 500oC as well. Tarancon et al. [154,159] have 
investigated the intrinsic oxygen transport and exchange of ceramic GdBaCo2O5+δ by 
IEDP/SIMS method, and achieved suitable tracer oxygen diffusion coefficient and oxygen 
surface exchange coefficient with low activation energies compared to other cobaltite such 
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as LSC and LSCF. These compounds showed superior electrode performances with SDC 
electrolyte, especially PrBaCo2O5+δ which possessed an ASR of 0.213Ωcm-2 at 600oC. 
Moreover, excellent full cell performance with PrBaCo2O5+δ cathode and SDC electrolyte 
have been observed, showing considerable maximum power density 600mWcm-2 at 600oC. 
All the properties mentioned above show that ordered double perovskite have a promising 
development potential as MIEC cathode materials for low-temperature SOFCs (≤600oC). 
Nevertheless, as usually observed in cobaltite cathodes, LnBaCo2O5+δ also shows large 
thermal expansion coefficient (16.0-20.0×10-6 K-1), considerably higher than those  of 
typical electrolytes such as YSZ, GDC and LSGM, giving rise to delamination and 
cracking during cells fabrication and thermal cycling of operation process. The overlap of 
characteristic x-ray diffraction peaks increases the level of challenge to distinguish ordered 
double perovskite from perovskite structure. Therefore, composite electrodes with an 
incorporation of electrolyte materials were investigated to reduce the thermal mismatch and 
extend the TPB. Moreover, another feasible thought is the B-site substitution of Co by 
other transition metals, such as Ni, Fe or Cu, to lower TEC and optimize the 
electrochemical performance. Advanced characterization techniques need to be developed 
to identify cations ordering arrangement. 
 
2.2.3 Long-term Stability of Sr-doped Perovskite Cathode 
 
The successful application of strontium doped perovskites (LSC, LSM, LSCF and SSC) as 
a mixed ionic and electronic conducting electrode in SOFCs stems from its tolerance of 
numerous oxygen defects by introduction of di-valence Sr cations at operating temperatures. 
However, long-term performance degradation remains a concern for this class of materials. 
Dense and polished strontium doped perovskite samples were examined to clearly identify 
surface morphology variation and surface phase and chemical composition alternation [118]. 
Surface phase structure and chemical composition of strontium doped perovskite cathode 
materials were investigated after long-term treatment by Auger electron spectroscopy (AES) 
and transmission electron microscopy (TEM). The detailed nature of the Sr-excess is 
discussed by means of depth and take-off angle dependent XPS spectra, in combination 
with chemical and thermal treatments. The degradation of cathode performance is related to 
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Sr enrichment and subsequent formation of SrO surface precipitates. As a result, the 
concentration of B-site transition metal was found to substantially decrease in the 
outermost surface layers, which generally believed in playing a critical role for catalytic 
activity of ABO3 perovskite materials. Moreover, the interactions of gaseous/electrode and 
electrode/electrolyte heterogeneous are seriously impacted by alternated surface 
composition and structure. Consequently, the formation of strontium-enriched layers on 
LSCF surfaces is a potential degradation mechanism for LSCF cathode-based cells. 
SrO is electrically insulator and Sr segregation results in the depletion of B-site transition 
metals. Consequently, the surface catalytic activity is substantially degraded by the 
SrO/electrode heterogonous surface structure. Besides surface catalysis, the purity of 
electrode/YSZ interface is also implicated by Sr segregation, and the insulator SrZrO3 is 
formed inhibiting oxygen ions transfer. 
SrO(s) ZrO2 (g) SrZrO3 (2.13) 
 
Meanwhile, the surface strontium layer becomes more basic, reacting with acidic 
substances, such as the gaseous species CO2, SO2, CrO2(OH)2, Si(OH)4 and  H3BO3. 
Typical gaseous acid-SrO reactions can be expressed: 
 
SrO(s) CO2 (g) SrCO3 (2.14) 
 
SrO(s) H 2 O(g) Sr(OH ) 2 (2.15) 
 
The Sr segregation accelerates the formations of insulating secondary phase measured via 
X-ray Absorption Spectroscopy (XAS). Another degradation mechanisms related with Sr 
segregation is deposition and poisoning of chromium main parts of metallic interconnect 
materials in SOFCs. On the cathode side, Cr2O3 reacts with oxygen and steam, forming 
various gaseous acid such as CrO3 and CrO2(OH)2 under the operation temperature of 
SOFCs. The overall reaction between Cr involved gaseous acid and segregated SrO species 
can be written as follow: 
 
SrO(s) CrO3 (g) Cr Sr O SrCrO4 (2.16) 
34 
 
 
This reaction is thermodynamically favored and kinetically rapid. SrCrO4 is insulator and 
its formation results in reduction of cathode conductivity and porosity, making it harmful to 
the long term stability of cathode performance. 
Thus, the development of Sr-doped perovskite cathode requires an understanding of Sr 
surface enrichment behavior. Some workers have suggested that the strontium segregation 
may be driven by oxygen vacancy concentration variation. Doom et al. found that Sr 
segregation at the oxygen-lean side of LSC membranes with a segregation depth of 10nm 
[160]. The concentration of surface strontium has increased with oxygen partial pressure 
drop and over-potential introduction, suggesting that the surface oxygen vacancy 
concentration plays a significant role in controlling the degree of segregation. However, 
Elshof et al. [161] found that Sr was enriched within a depth of 60-80 nm on both LSCF 
membranes side. Lein et al. [27] demonstrated that Sr enrichment appeared at the surface 
that was exposed to the high partial pressure and vanished at the other lower partial 
pressure side. Another possible driving force of Sr segregation has been attributed to the 
uncoordinated ionic radius between doped Sr and host La cations since the surface Sr 
segregation has been observed even without a gradient of oxygen partial pressure. The 
much larger Sr2+ cation is under a compressive strain state in the bulk resulting in a 
migration of Sr towards the surface that can relax materials to a lower energy state. 
Although various driving forces have been proposed, the detailed mechanisms of Sr 
segregation are still an open question. It is imperative to balance these driving forces for the 
development of new Sr-free cathode materials and modification of the Sr-enriched 
heterogeneous surface to, enhance the long term stability of SOFCs. 
 
2.2.4 Hetero-Structured Cathode 
 
The recently reported rapid oxygen reduction activity at the interface of (La,Sr)CoO3-δ 
(LSC113) and (La,Sr)2CoO4 (LSC214) phases opened up new research questions for the 
potential role of hetero-structured interfaces in the development of advanced cathodes for 
solid oxide fuel cells (SOFCs). The investigation have proved that many hetero-structured 
interfaces exhibit fantastic physical, chemical, and electrochemical properties including 
enhanced oxygen electro-catalytic activity and electronic/ionic conductivity compared with 
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the nature of bulk. As first shown by Sase et al. [162,163], the addition of a Ruddlesden- 
Popper (RP) (La0.5Sr0.5)2CoO4+δ phase on top of the perovskite La0.8Sr0.2CoO3-δ 
significantly enhances the surface activity of the oxygen reduction reaction at the hetero- 
structured boundary between the two phases. The secondary ion mass spectrometry (SIMS) 
with 18O isotope exchange images suggested that a fast oxygen-incorporation paths exists 
along the hetero-phase boundary of LSC113 and LSC214. And the depth profile 18O of 
indicated that the surface exchange coefficient, k for the hetero-phase is larger than the 
value of k for the surface of single phase LSC113 by three orders of magnitude. This effect 
can enhance the overall rate of O2 reduction on LSCO films by three orders of magnitude 
compared with that on each phase alone. 
A number of investigations have been done to uncover the underlying mechanism of fast 
ORR kinetics at the LSC113/214 system by using well-defined thin film systems and 
understand the mechanism of the high catalytic activity of these modified hetero-structured 
catalysts from a defect chemistry and electronic structure perspective [126,130,164–183]. It 
shown that the extremely enhancement of electrode performance are strongly attributed to 
the low valence cations enrichment on the LSC113/214 hetero-structured interface, the 
anisotropic oxygen incorporation kinetics on the LSC214 and the lattice strain near the 
LSC113/214 hetero-structured interface. 
Density functional theory (DFT) calculations have shown that a large driving force exists in 
the inter-diffusion of A-site cationic across the hetero-structure interface, stabilizing Sr in 
LSC214 bulk. Such inter-diffusion has been postulated to stabilize Sr in LSC214 and La in 
LSC113 with predicted Sr enrichment near the interface and Sr depletion in LSC113. The 
strong coupling of Sr enrichment with the increased oxygen vacancy content near the 
surface and is predicted to result in the reduction of the oxygen vacancy formation energy 
that may play a direct role in enhancing the oxygen surface exchange or the electronic 
activation of LSC214 [165]. The coherent Bragg rod analysis method (COBRA) [180] was 
applied to study the atomic structure and strontium distribution layer-by-layer in about 6 
nm thick LSC214-LSC113 hetero-structure thin films. Significant Sr segregations have 
been found at the LSC214-LSC113 interface and LSC214 surface. The COBRA results 
also reveal a significant A-site cationic ordering in the LSC214 phase near to LSC113 side 
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that  may  partially  be  attributed  to  the  enhancement  of  catalytic  activity  of  the 
LSC112/LSC214 hetero-structured thin films. It was also found that a small amount of 
secondary phase “Sr”-decoration with nanoparticles coverage in the range from 50% to 80% 
of a (001) LSC113 surface improved the surface exchange coefficient, k, by an order of 
magnitude. Based on atomic force microscopy, X-ray diffraction, and X-ray photoelectron 
spectroscopy  results,  it  suggests  that  the  enhancement  with  “Sr”-decoration  hetero- 
structured  surfaces  can  be  attributed  largely  to  catalytically  active  hetero-structured 
interface  regions  between  surface  Sr-enriched  particles  and  the  LSC  surface  [168,171– 
174,180,183–188]. While, another cationic accumulation have been investigated in the LSC214 
phase near to LSC113 edge with lower valence. The reducibility of the Co cation and the 
valence band offset across LSC112/LSC214 hetero-structured interface were detected by 
X-ray  photoelectron  spectroscopy  with  depth  profiling  [166,167].  The  Co2p  core-level 
photoelectron spectra showed the presence of Co2+  across the LSC113/214 interfaces in 
both layers. While this is similar to the Co valence state in LSC113 single phase films, it is 
contrary to the single phase of LSC214 films which reflect the higher oxidation state of 
cobalt, Co3+  Mostly. The greater reducibility of cobalt across the LSC113/214 hetero- 
structured interface relative to that of Co in the LSC214 single phase film was ascribed to 
electron donation and transfer of oxygen vacancies from LSC113 across the interfaces, and 
it is one possible mechanism of enhancement of the oxygen reduction activity at the 
LSC113/214 hetero-structure [167]. 
Another factor that can alter the oxygen reaction activity near a dissimilar interface is the 
lattice strain induced by the lattice mismatch at the hetero-structured interface [164,165,175– 
179,181,182,189].. Lattice strain exhibits a significant impact on promoting oxygen defect 
formation, oxygen ion transport and surface adsorption. The surface chemical state and 
electronic structure of LSC113 have been investigated in both tensilely and compressively- 
strained LSC film surfaces. The impact of lattice strain on the surface electronic structure 
demonstrates that the formation of oxygen vacancy defects in tensile strained LSC113 
surface results in a more enhanced electronic density of states (DOS) and indicates a more 
highly active surface for electron charge transfer in oxygen reduction reaction. 
Consequently, much faster surface exchange and diffusion properties can be detected in the 
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tensilely strained films compared to the compressively strained one. Moreover, the strain 
can also lead to the reduction of the Co spin transition temperature and Co-O bond strength. 
The weak Co-O bond strength and enhanced spin moment of the thin films result in a 
significant enhancement of the oxygen surface exchange kinetics of LSC113 by up to two 
orders of magnitude. The electrochemical impedance spectroscopy of LNO214 as function 
of film thickness indicated that increasing volumetric strains in the LNO214 films were 
correlated with the enhancement of surface exchange kinetics and the reduction of film 
thickness. Volumetric strains may alter the formation energy of interstitial oxygen in 
LNO214 films and influence on the surface oxygen exchange kinetics of the LNO214 films. 
Therefore, surface-decoration of perovskites with heterogeneous interface can strongly 
affect the oxygen reduction activity, and therefore provide new insights into developing 
catalysts as SOFC cathode materials with enhanced activity and stability. 
 
2.3 Infiltration Technique 
 
Infiltration has been applied extensively in the composite cathode fabrication in recent 
years based on its unique advantages among many composite techniques. In general, the 
infiltration technique is used to deposit nanoparticles within a preformed electrode structure. 
There are several advantages to infiltrated electrodes [190,191]: 1) the nanoparticles provide 
larger surface area; 2) compared with conventional composite cathode, the infiltrated 
cathode offer larger contact area between different phases; 3) the low temperature 
fabrication prevents the reaction between different phases. In recent years, there have been 
several excellent reviews on SOFC cathode infiltration, mainly from the materials selection 
point-of-view [191–193]. 
The oxygen ion conductors were added into perovskite oxides to form a composite cathode 
which was believed to efficient for improving the cathode performance due to the extension 
of the active TPB region from the electrolyte/LSM interface to the electrode bulk. The 
results showed that the infiltration technique was an effective method to enlarge the TPB 
length compared with conventional composite cathodes [140,194–201].A series of perovskite- 
based infiltrated cathodes have been studied with different ionic conductors. Cathode 
symmetric cells prepared by infiltration of LSC into porous YSZ substrates showed a 
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polarization resistance of 0.03 Ωcm2 at 700oC [202]. The cathode impedances for the LSF- 
YSZ composites were estimated with 40 wt. % LSF loading at 700oC, which was 
approximately 0.1 Ωcm2 [190]. At the same time, the two steps of infiltration allowed 
separate sintering temperatures for the electrolyte phase and the other components of the 
electrodes; the porous YSZ scaffold could be sintered at high temperature to ensure the 
interface connection and MIEC components could be formed at low temperature. This 
approach was successfully used to fabricate the composite cathodes LSC-YSZ, LSCF-YSZ 
and LSF-YSZ [203–208]. The composition of LSC-YSZ infiltrated cathode was measured 
followed by sintering LSC in air at different temperature [209]. The formation of LSC 
perovskite phase was confirmed after calcination at 700oC. Moreover, since the infiltrated 
layer was just tens of nanometers, the unique thin heterogeneous interfaces provide new 
insights into the enhancement of stability and performance due to stress and quantum effect. 
Recently, Liu et al. found that the stability of LSCF was enhanced, when a dense thin film 
of LSM was coated on the LSCF surface by infiltration [210]. According to the TEM and 
EDXS data, it was shown that Co diffused from the LSCF substrate into the interface 
between LSCF and LSM and made the interface become a hybrid LSM(C) with properties 
residing between those of LSM and LSCF which maybe contributed to the long stability of 
LSCF-based cathode. 
Infiltration involves several steps: 1) the preparation of porous electrode scaffold, the 
porous scaffold is prepared by screen printing or tape casting usually, followed by firing at 
high temperature to obtain good structural stability and connectivity; 2) the carrier of active 
materials, either liquid or sol-gel, permeated into the substrate materials and adsorbed onto 
the surface of particles by capillary force; 3) after reaching equilibrium, the infiltrated 
electrode is dried and sintered to remove the extra solution and drive the active materials 
react and deposit on the substrate surface forming nanoscale infiltration phase. As a result, 
the morphology of the substrate, the composition/ concentration of the infiltration solution 
and the infiltration process post-treatment, would influence the morphology and properties 
of infiltrated nanoparticles. In term of the functions of infiltration materials, it’s necessary 
for infiltration nanoparticles to form different morphologies on substrate surface, either 
isolated island or dense thin film [140,211–213]. 
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Hence, infiltration is widely used in fabrication of composite cathodes for solid oxide fuel 
cells. The introduction of nanoparticles of catalytically active, ionically conductive or 
mixed conductive oxides has provided high rates of oxygen reduction reaction and 
improved the chemical and thermal stability of composite cathodes. 
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Chapter 3: La2NiO4+δ-Infiltrated (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ Hetero-structure 
Cathode 
 
 
3.1 Introduction 
 
Although a great deal of research has been conducted to develop new cathode materials, for 
operation at lower temperatures (500-750oC), La1−xSrxCo1−yFeyO3-δ (LSCF) based cathodes 
are currently the most popular for solid oxide fuel cells (SOFCs) today. However, main 
challenges associated with long-term application of LSCF-based cathodes are material 
instability such as Sr segregation and surface-limited oxygen reduction reaction (ORR) 
kinetics. The Sr segregation in LSCF cathode changes the composition stoichiometry and 
forms inactive surface/interface species (e.g. SrO) key issues generating inferior catalytic 
activity. 
In this chapter, a new LSCF-based composite cathode prepared by infiltration is developed, 
namely La2NiO4+δ (LNO)-infiltrated LSCF. The special interest associated with the 
employment of LNO materials mainly lies in the following points: 1) Rapid bulk oxygen 
diffusion and surface oxygen exchange can be offered in the LNO nickelates based on their 
additional conduction pathway in high concentration of oxygen interstitials. Skinner et al. 
have confirmed that LNO-based materials show higher bulk oxygen diffusion coefficient D 
of about 5×10-8 cm2s-1 than that of LSCF materials by one order of magnitude, and slightly 
higher surface oxygen exchange coefficient k of about 2-5×10-7 cms-1 at 700-750oC); 2) 
LNO as Sr acceptor shows promise by improving cathode stability and electro-catalytic 
properties without invoking deleterious LSCF surface reactions related to the formation of 
an inactive Sr species. Reports have shown there is obvious increase in electronic 
conductivity and oxygen transfer capability of Sr-containing LNO in comparison to LNO 
itself. Unlike previous research attempting to physically block Sr-enrichment on the surface 
of LSCF with thin surface films, a chemical driving force in the LNO/LSCF combination is 
expected for diffusion of Sr from LSCF into LNO to benefit surface oxygen exchange and 
material stability of the composite cathode. 3) Hetero-structured interface would potentially 
extend the active regions of two phase boundary (2PB, LSCF/LNO) and triple phase 
boundary (TPB, LSCF/LNO/gas) with high oxygen transfer, leading to total ORR kinetic 
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enhancement of SOFC cathode. Efforts in development of (La,Sr)CoO3-δ/(La,Sr)2CoO4+δ 
(LSC113/LSC214) hetero-structured architecture via pulsed laser deposition (PLD) has 
been made by MTI group. It was found that the LSC214 decoration can enhance the 
oxygen exchange coefficient (k) of the LSC113 by ~2 orders of magnitude, and the double- 
digit enhancement in the k was observed for the LSC214-decorated LSCF thin films. The 
unique interfacial regions were proposed to be responsible for the enhanced ORR kinetics. 
For  these  reasons,  the  main  aim  of  this  study  is  to  examine  the  influence  of  LNO 
infiltration into a porous LSCF cathode, on ORR behavior and long-term stability of the 
LNO-infiltrated LSCF cathodes. 
 
3.2Experimental 
 
The effect of LNO infiltration on electrochemical properties of LSCF cathodes was first 
investigated by symmetric cells associated with related impedance characterizations. A 
symmetric cell configuration of LSCF|GDC|YSZ|GDC|LSCF were assembled starting with 
the preparation of 8% Y2O3- stabilized ZrO2 (YSZ, TZ8Y, Tosoh, Japan) electrolyte 
supports. Tape casting followed by sintering at 1450oC for 5 h in air was used to form 
dense YSZ electrolyte pellets with a thickness of about 300 µm. Identical GDC buffer 
layers were screen printed symmetrically on both sides of the YSZ electrolyte and then 
sintered at 1200oC, to avoid interaction between the YSZ electrolyte and LSCF cathode. A- 
site deficiency (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ (LSCF) powder (Fuel Cell Materials) , was 
dispersed into an organic vehicle ink (VHE, Fuel Cell Materials) to form a slurry. By 
subsequent screen printing, porous LSCF layers with a thickness of 20 µm were deposited 
on the GDC buffer layers, Eventually, the bonded layers were co-fired at 1150oCfor 3 h to 
obtain the symmetric cell using LSCF cathode with an active surface area of about 0.7 cm2. 
For comparison and performance evaluation, LNO was infiltrated into the both sides of 
LSCF layers in the LSCF|GDC|YSZ|GDC|LSCF cell, as described below, to form a 
symmetric cell using LNO infiltrated LSCF cathode. 
The LNO precursor solution with a concentration of 1 mol/L was composed of 
La(NO3)3∙6H2O and Ni(NO3)2∙6H2O (99.9%, Alfa Aesar) dissolved in a mixture of ethanol 
and deionized water in a ratio of 1:0.6.We confirmed that an appropriate amount of ethanol 
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can promote the formation of LNO phase and improve its distribution status on LSCF 
substrate. After infiltrating the nitrate solution into each side of porous LSCF cathode, the 
cells were sintered at 900
oC for 1 h to allow the formation of LNO single phase on the 
LSCF backbone. Repeated infiltration, followed by firing, was carried out to achieve the 
desired amount of LNO phase in the modified cathode. 
Prior to electrochemical characterization, Pt meshes were attached as current collectors to 
both electrode sides of the symmetric cells by using Pt paste. Electrochemical impedance 
spectroscopy (EIS) measurements for the symmetrical cells were carried out by an Auto lab 
station (AUT85484) in ambient air under open circuit voltage (OCV). The frequency range 
was within 0.01 to 100 kHz at alternating circuit (AC) signal amplitude of 10mV, and the 
measured temperature was controlled from 550 to 750oC. All impedance data were 
collected after holding at the desired temperature for more than 30 min. 
For comparison, anode-supported fuel cells using LSCF or LNO-infiltrated LSCF cathodes 
were prepared and measured to form NiO-YSZ|YSZ|GDC|LSCF and NiO- 
YSZ|YSZ|GDC|LNO-infiltrated LSCF. Anode-supported half fuel cells Ni-YSZ/YSZ were 
commercially available (MSRI, Salt Lake City, UT), consisting of about 10 μm-thick YSZ 
electrolyte and 750 μm-thick Ni-YSZ anode. The GDC buffer layer and bare/modified 
LSCF cathodes were sequentially applied to the YSZ electrolyte using the same procedures 
for the fabrication of symmetric cells as mentioned above. The whole cells was then sealed 
using mica gaskets, attached using Pt meshes with Pt paste for cathode and Ni paste for 
anode, and installed in a single cell test stand (at the NETL Morgantown, WV site). 
The on cell measurements were eventually performed at 750oCwith dry hydrogen as the 
fuel for anode and ambient air as the oxidant for cathode at each flow rate of 400 sccm. A 
constant current density of 250 mA cm-2 was applied to the fuel cells using a DC electronic 
load to monitor the long-term stability of SOFC cathodes. In addition to the continuous 
observation of cell voltage, intermittent current-voltage (I-V) curves were also carried out 
using a Solartron 1287 electrochemical interface combined with a Solartron 1260 
frequency response analyzer. 
A Panalytical X’pert Pro X-ray diffractometer (XRD) with Cu Kα radiation (λ = 1.5406 Å) 
was used to identify phase composition and crystalline structure. The surface morphology 
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analyses for both LSCF and LNO infiltrated LSCF materials were performed using a field 
emission scanning electronic microscope (FESEM, JEOL 7600F) at an acceleration voltage 
of 20 kV. Transmission electron microscopy (TEM) observations and elemental 
identifications were also carried out on a JEOL JEM-2100 LaB6 microscope equipped with 
an energy dispersion spectrometer (EDAX, Evex NanoAnalysis). 
 
3.3 Results and Discussion 
 
3.3.1 Phase Composition 
 
Fig. 3.1 displays the XRD patterns of LSCF pellets with and without LNO infiltration. All 
of the XRD peaks of the bare LSCF sample on the electrolyte can be labeled in terms of 
LSCF, GDC and YSZ phases. While the appearance of single Ruddlesden-Popper (RP) 
phase for LNO infiltrated LSCF sample confirms the existence of LNO in the LSCF 
backbone. The diffraction peaks of LNO phase can be identified as tetragonal K2NiF4 
structure of I4/mmm space group (JCPDS card No. 34-0314), which shows excellent 
agreement with those reported in related literature. 
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Figure 3.1 XRD patterns of (a) bare LSCF cathode and (b) LNO- 
infiltrated LSCF on GDC/YSZ electrolyte. 
 
 
3.3.2 Infiltration techniques 
 
To obtain uniform LNO nano-layer on LSCF surface, microstructure of LNO-infiltrated 
LSCF was studied as function of dispersant of the infiltration solution (TX100), drying rate, 
and concentration of infiltration solution, vacuum treatment and LNO loading. 
 
Fig. 3.2 and 3.3 displays the microstructures of LNO-infiltrated LSCF with different heat 
treatment for low-temperature preprocesses and different mass of disperser. Reducing the 
heating rate from 5oC/min to 2oC/min for low-temperature preprocesses and introduction of 
dispersant TX100 with 0.9g in 1mol LNO solution improved the homogeneity of the 
solution and its evaporation, resulting in more uniform LNO nanoparticles. The change of 
concentration of infiltration solutions and the application of vacuum have little effect on the 
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microstructure, as shown in Figure 3.4 and 3.5. Therefore, to simplify infiltration process, a 
1mol/L infiltration solution was chosen in our future work without application of vacuum. 
 
 
Figure 3.2 Microstructure of LNO-infiltrated LSCF electrodes with different heating rate 
for low-temperature preprocess 
 
Figure 3.3 Microstructure of LNO-infiltrated LSCF electrodes with different mass of 
dispersant TX100 with 1mol/L LNO 
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Figure 3.4 Microstructure of LNO-infiltrated LSCF electrodes with different concentration 
of LNO infiltration solutions 
 
Figure 3.5 Microstructure of LNO-infiltrated LSCF electrodes with and without vacuum 
treatment during infiltration process 
 
Fig. 3.6 displays the microstructures of LNO-infiltrated LSCF with different loading. The 
dispersant TX100 and ethanol were applied in the infiltration solution to enhance the 
surface tension and the dispersity of LNO nanoparticles. After repeating the infiltration 
process, LSCF cathode with different amounts of infiltrated LNO were obtained. With 
increasing the loading of LNO, the distribution of LNO nanoparticles in the LSCF substrate 
are islands, continuous films or multiple sheets. With 15.4 wt. % LNO infiltration, a 
uniform LNO nano-layer almost completely covers the LSCF surface with particles of 50- 
150nm diameter. By continuously increasing the LNO loading to about 20 wt. %, a 
multiple layer of LNO formed and extra LNO nanoparticles were found on the LNO layer 
surface. Fig. 3.7 shows the typical electrochemical impedance spectra of 
LSCF/GDC/YSZ/GDC/LSCF symmetrical cells with different amount of LNO infiltration 
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under OCV. A small quantity of LNO infiltration, less than 10 wt. %, obtained the largest 
electrode resistance 0.16 Ω∙cm-2 because of the inadequate specific surface area and 
LNO/LSCF interface, but still lower than the blank LSCF one (about 0.3 Ω∙cm-2). A slight 
increase of cathode resistance was measured for the electrode with 20 wt. % LNO loading, 
compared with the single layer LNO (15 wt. %) infiltration electrode (0.06 VS. 0.08 Ω∙cm- 
2under 700oC). Therefore, 15 wt. % LNO loading, which covers the LSCF surface 
completely with a single uniform LNO nano-layer, was applied in the next work. 
 
 
 
 
Figure 3.6 SEM image of LSCF cathode (a) without LNO infiltration or with (b) 8.60 
wt. %, (c) 15.4 wt. % and (d) 20.3 wt. % of LNO infiltration after 850oC sintering for 1h 
(c) (d) 
(a) (b) 
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Figure 3.7 Typical electrochemical impedance spectra of symmetrical cells with different 
LNO loading under OCV at 650oC and 700oC 
 
Figure 3.8 Cathode polarization resistant as function of measuring temperature for LSCF 
cathode with different LNO loading 
3.3.3 Electrochemical Performance of Infiltrated Cathode 
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Representative EIS data for symmetric cells using bare LSCF or LNO-infiltrated LSCF 
cathodes collected at OCV in air at temperature of 700 and 750°C, respectively, are shown 
in Fig. 3.9. Typical equivalent circuits have been used to deconvolute the measured data for 
the cathodes, as displayed in the insets of Fig. 3.9 (a) and (b), where R is the ohmic 
resistance of the YSZ electrolyte, and Rn and Qn indicate resistance and constant phase 
element of different electrode processes, respectively. In the case of LSCF cathode, two 
RQ  elements  of  semi-circle  arcs  reflect  the  electrode  polarization.  An  equivalent 
capacitance value C1 ( Cn (R Q )
1/n / R ) in the range of 10-3-10-2 F∙cm-2 are obtained from 
high frequency response, which is typically attributed to charge transfer process according 
to literature [214,215]. For the C2 value of ～10-2 F∙cm-2, an intermediate behavior with a 
similar surface process (e.g. surface diffusion, adsorption/desorption, dissociation, etc.) 
between gas diffusion and charge-transfer is observed. For LNO-infiltrated LSCF cathode, 
an additional contribution at low frequency with a C3 value of 10
0～101 F∙cm-2 has also 
been used for fitting, which may be assigned to gas diffusion as reported. Such an 
equivalent circuit model can well resolve the impedance plots of the symmetric cells using 
different cathodes. The actual polarization resistance of SOFC cathode (Rp) can thereby be 
deduced from the electrode area and half sum of Rn values (symmetric cell). 
The Rp values for bare LSCF cathode are 1.34 Ω∙cm-2at 700°Cand 0.62 Ω∙cm-2at 750°C, 
respectively, which are higher than those in literature reporting Rp≈ 0.3-0.6 Ω∙cm-2at 
700°Cand  0.1-0.3  Ω∙cm-2at  750°C.  This  could  be  explained  by  the  higher  sintering 
temperature of 1150°C applied here for the LSCF cathode, leading to decreased surface 
area and more Sr segregation. For comparison, LNO-infiltrated LSCF cathode decreases 
the Rp values to 0.042 Ω∙cm-2at 700°Cand 0.023 Ω∙cm-2at 750°C.The reduction in cathode 
polarization resistance demonstrates that LNO infiltration enhances the electrochemical 
activity and surface exchange kinetics of LSCF electrodes. Temperature-dependent 
polarization resistance is characterized in Fig. 3.10, and activation energy (Ea) for the 
electrode polarization contribution can be calculated from the linear relationship of lnRp- 
1/T by using the Arrhenius equation. To confirm the intrinsic influence of LNO, the 
electrode resistance of LSCF-infiltrated LSCF with similar loading was calculated and 
added in Fig. 3.10. It can be observed that the activation energy drops from 1.38 eV to 1.06 
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eV after the infiltration of LNO into LSCF. Hence, LNO is an effective catalyst to enhance 
ORR reaction kinetics and electro-catalytic activity of an LSCF cathode. The performance 
improvement could result from nanoscale LNO fine particles increasing surface active area, 
hetero-structured LSCF/LNO interface architecture offering more active reaction regions of 
2PB and 3PB, and/or favorable cation diffusion from LSCF to LNO facilitating oxygen 
exchange and transport. Comparing with LSCF self-infiltrated electrode, LNO-infiltrated 
LSCF cathode shows smaller resistance and activation energy. But it is far less than the 
reduction of LSC214 decorated LSC113 in resistant, which is consist with reported results 
of LSC214-decorated LSCF. The layered perovskite decoration has weaker effects on 
LSCF surface catalytic activity than that on LSC113. In consideration of narrow gap 
between LSCF-infiltrated LSCF and LNO-infiltrated LSCF electrode resistance in Fig. 
3.10, the largest driving force for the increased performance may relate to the 
microstructure change with LNO fine particles introducing. 
 
Figure 3.9 Typical electrochemical impedance spectra of symmetrical cells using LSCF 
cathodes (a) without and (b) with LNO infiltration under OCV at 700 and 750oC 
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Figure 3.10 Typical electrochemical impedance spectra of symmetrical cells using LSCF 
cathodes with or without infiltration under OCV in air 
 
Fig.3.11 presents the current-voltage characteristics and the corresponding power density 
for anode-supported fuel cells using bare LSCF or LNO-infiltrated LSCF cathodes during 
long-term operation of about 500 h at 750°C. The open circuit voltages (OCVs) for both 
on-cells are very close to the theoretical value derived from the Nernst equation, which 
demonstrates that the cells are well-sealed. The power densities show an initial increase 
with time, indicating an activation process of cathode materials. The maximum power 
densities for the on cells with the cathodes of LSCF and LNO-infiltrated LSCF reach 418 
and 697 mW∙cm-2after duration of around 100 h, respectively. Hence, a 67% increase in the 
power density has been achieved through infiltration LNO into LSCF backbone. Even after 
500 h, LNO-infiltrated LSCF still delivers a power density of 637mW∙cm-2, higher than the 
pure LSCF electrode with power density of 392 mW∙cm-2 
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Figure 3.11 Cell voltage and power density as function of current density for (a) pure LSCF 
and (b) LNO-infiltrated LSCF measured at 750oC during cell operation of 500 h 
 
3.3.3 Surface and Interface Oxygen Exchange Kinetics Behavior 
 
To further understand the enhancement of LNO-coated LSCF electrode, the surface and 
interface oxygen exchange kinetics behaviors were calculated using electronic conductivity 
relaxation (ECR). Conventional ECR technique can only be used for characterizing oxygen 
transport kinetics in single phase cathode. Based on improvement for the ECR data fitting 
method in our group’s previous work [216], this technique is further developed to 
characterize oxygen transport in the hetero-structured cathode. 
 
Sandwich structure samples were fabricated for characterization of oxygen exchange 
behavior between the hetero-structured surface and bulk of LSCF cathode. After the system 
reaches equilibrium under the new oxygen partial pressure, the saturated concentration are 
C 
' 
and C separately for the infiltrated material and LSCF. Oxygen flux was assumed as a 
constant and diffusion process inside the infiltrated layer was ignored due to its very small 
thickness. Oxygen transport can then be described with the three equations listed below. 
C  C '  
J 
ksurface 
(3.1) 
 
C2  C  
J 
kinterface 
 
(3.2) 
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 
C3 C2 
Ja 
D 
(3.3) 
Equation 3.1 is the surface exchange occurring on the gas/hetero-structured surface. 
Equation 3.2 represents the exchange occurring at the hetero-structured surface/LSCF bulk 
interface and Equation 3.3 showed the diffusion inside LSCF. Therefore, the total surface 
exchange coefficient can be deduced by combining Equation 3.2 and 3.3. The oxygen 
exchange coefficient at LNO/LSCF interface will be deduced based on a previous study for 
LSCF [217]. 
1 
 
1 
 
1 (3.4) 
k kinterface ksurface 
k 
cSV kLNO 
 
 
(3.5) 
surace 
 
1V 
Where, c is the thickness of LNO thin layer, SV is the specific surface area and V is the 
porosity 
In the premier study, the oxygen transport process of SOFC cathodes including dense 
La2NiO4+δ (LNO) and LNO/LSCF/LNO has been studied to describe the change of oxygen 
chemical surface exchange coefficient (k) and chemical diffusion coefficient (D) as a 
function of oxygen partial pressure, based on the perturbation of oxygen stoichiometry 
during ECR measurements. However, the global minimum of the error for oxygen 
exchange coefficient is much larger. To obtain more accurate k value, the single process 
control sample is required, which reduces the diffusion equations to a single k dependent 
equation as shown in Equation 
t 0  kt 
1 exp 0 a (3.6) 
 
Where, σ, k, t and a represent conductivity, surface oxygen coefficient, time and sample 
thickness. Since the characteristic length for LNO and LSCF is 50-500μm, the thickness of 
the k single process control sample should less than the characteristic length. In our 
experiment, the dense LNO and LNO/LSCF thin film based on GDC substrate were 
prepared by air brush spraying a thickness of about 50μm. Fig. 3.12 shows a typical set of 
normalized  conductivity  relaxation  data  and  the  correspondingly  fitted  curves  of 
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LSCF/GDC  and  LNO/LSCF/GDC  samples  at  700℃,  respectively,  for reduction steps 
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switching PO2 from 0.20 atm to 0.18 atm as function of time. The fitted oxygen surface 
exchange k of LSCF and LNO/LSCF at different PO2 are listed in Table 3.1.From Fig. 3.12, 
the total relaxation time for LSCF is about 120-160 s when lowering PO2 from 0.21 to 0.18 
atm, which is longer than LNO/LSCF sample about 40-60 s. The total surface oxygen 
exchange coefficient of LSCF and LNO/LSCF is about 9.02×10-5 cm/s and 1.9×10-4 cm/s 
at 700℃ under air condition, respectively, which means LNO layer on LSCF substrate 
involved with elements inter-diffusion, would enhance the surface ORR rate. Elemental 
inter-diffusion in LNO layer may enhance the surface oxygen exchange rate compared with 
the pure LNO one. Meanwhile, surface oxygen exchange coefficient of the LSCF and total 
LNO/LSCF decreases as a function of the square root of oxygen particle pressure. 
According to the thermodynamic properties and oxygen exchange kinetics, the dependence 
of surface oxygen exchange coefficient on temperature and oxygen particle  pressure 
reflects the oxygen reduction mechanism. The k order in PO2 is about 1/2 in the experiment, 
which usually means that the rate limiting step in ORR is oxygen incorporation into surface 
oxygen defect site [218]. According to the kLa2NiO4+δ and kLNO-LSCF total , it can be deduced 
from Equation 3.5 that the interface oxygen exchange coefficient between LNO and LSCF 
is about 3×10-4 cm/s. The higher kinterface and ksurface with respect to kLSCF (9.02×10
-5cm/s), 
indicates that the incorporation rate of oxygen into LSCF is enhanced when using 
LNO/LSCF cathode. The enhancement of electrochemical properties for LNO-infiltrated 
LSCF cathode not only results from the high surface area of nanoparticles, but also from 
the rapid intrinsic oxygen incorporation rate on the surface and LNO/LSCF interface. 
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Figure 3.12 Typical ECR data and fitting results of (a) LSCF and (b) LNO-coated LSCF 
(LNO/LSCF) samples at 700℃ under air conditions 
 
 
 
 
 
 
Figure 3.13 Surface oxygen exchange coefficient of (a) LSCF and (b) LNO-coated LSCF 
1/2 o 
(LNO/LSCF) samples as a function of PO2 at 700 C 
Table 3.1 The surface oxygen exchange coefficient (k) and of La2NiO4+δ, LSCF and LNO- 
coated LSCF (LNO/LSCF) cathode at 700oC under different oxygen pressure. 
PO2 (atm) 0.21 0.15 0.10 0.05 
kLa2NiO4+δ surface(cm/s) 3.95 E-04 3.54 E-04 3.26 E-04 2.83 E-04 
kLSCF(cm/s) 9.02 E-05 
± 7.94 E-07 
7.87 E-05 
± 5.83 E-07 
7.37 E-05 
± 6.32 E-07 
6.57 E-05 
± 7.26 E-07 
kLNO-LSCF total (cm/s) 1.90 E-04 
± 2.08 E-06 
1.78 E-04 
± 3.95 E-06 
1.63 E-04 
± 1.34 E-06 
1.34 E-04 
± 4.32 E-06 
kLNO-LSCFinterface(cm/s) 3.66 E-04 3.58 E-04 3.26 E-04 2.55 E-04 
 
 
 
3.3.5 Surface and Bulk Elements Distribution and Crystal Structure of LNO Layers 
 
EDAX results of LNO-infiltrated LSCF cathode indicate that the diffusion of Co, Sr and Fe 
occurs from LSCF to LNO phase. The extraction of the cations from LSCF perovskite 
lattice reveals the intrinsic instability of the LSCF cathode. As an acceptor, LNO materials 
could positively take advantage from the cation diffusion to enhance surface catalytic 
properties and ORR kinetics. The cobaltic electrode usually feature fast oxygen surface 
exchange and high electro-catalytic activity for oxygen reduction. It has been reported that 
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doped-Fe LNO, at least for small amounts of Fe loading have no influence on the electro- 
catalytic properties of LNO materials. As to Sr doping into LNO, a possible reaction 
according to charge compensation may appear to increase the concentration of electron 
hole, as below, 
2SrO Ni 2Sr '  Ni O (3.7) 
Ni La Ni O 
 
These facts might lead to the improved electrochemical performance and fast surface 
exchange of the LSCF based cathode. Certainly, evidence to support these hypotheses 
should be provided by evaluating the valence and amount of the Fe (Ⅳ)/Fe(Ⅲ), Co(Ⅳ)/ 
Co (Ⅲ), Ni(Ⅳ)/ Ni (Ⅲ) and Sr (Ⅱ) in the LNO infiltrant during operation. Further work 
on detailed characterizations associated with ORR process and kinetics of the composite 
cathodes are shown below. 
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Figure 3.14 TEM images and EDAX spectra of LNO-infiltrated LSCF cathode (a) before 
on-cell testing and (b) after long term testing 
 
To acquire useful information about LNO/LSCF interface and surface, dense LNO-coated 
LSCF samples have been prepared by spin-coating and air-brushed dry pressing. The XRD 
pattern of the LNO-coated LSCF materials shows that no extra lines than pure Ruddlesden- 
Popper (RP) phase (PDF# 34-0314) are observed in the XRD diagram. Figure 3.15 displays 
the SEM cross-section of the LNO-coated LSCF sample. It can be observed that a dense 
LNO layer of about 4.0 μm thickness was coated on the LSCF backbone. In the meantime, 
strong bonding between LNO and LSCF should be expected from the high temperature co- 
firing. Sr and Co diffusion from LSCF to LNO occurs along with EDX line scans can be 
detected from Fig. 3.16, which is consistent with the previous TEM/EDX data in infiltrated 
LSCF cathode. XPS measurements reveal the changes in the surface composition of 
La2NiO4+δ based layer. Fig. 3.17 shows the XPS spectra of different elements on the coated 
La2NiO4+δ surface after 1350
oC sintering. The obvious Ni 3p and Co 2p peaks were 
detected in accordance with EDX results. The influence of Co diffusion on crystal structure 
and oxygen defect concentration was investigated by XRD refinement and iodometric 
titration method discussed later. The weak Sr 3d peak was found on the coated La2NiO4+δ 
surface. According to reported reference, two sets of Sr 3d doublets need to be used in XPS 
fitting, as shown in Fig. 3.18. The peak with high bonding energy is correspond to the 
position of Sr in SrO/Sr(OH)2, and the peak with low bonding energy can be attributed to 
Sr in the octahedron structure. The relative intensity of SrO/Sr(OH)2 increase for LSCF 
after -0.2V polarization, while the similar weak Sr 3d peaks were detected in LNO-LSCF 
sample after polarization treatment, which indicates suppression effect of LNO addition, 
and the concentration of SrO/Sr(OH)2 on coated LNO surface seems to change little after 
similar polarization treatment. It means that La2NiO4+δ would be an acceptor for Sr 
segregation or diffusing from LSCF substrate to relieve the stability problem of LSCF. 
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Figure 3.15 Cross-section morphology of LNO-coated LSCF material 
 
 
Figure 3.16 EDX line scan results for LNO-coated LSCF 
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Figure 3.17 Ni 3p, Co 2p, Fe 2p and Sr 3d XPS spectra of La2NiO4-δ-coated LSCF surface 
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Figure 3.18 Sr 3d XPS spectra of LSCF (a) fresh surface; (b) surface after polarization and 
of La2NiO4+δ-coated LSCF (c) fresh surface and (d) surface after polarization 
 
In addition, XRD refinements using GASA system have been carried out for dense LNO- 
LSCF to obtain the detailed crystal structure information and explain the k and D variation, 
such as cell parameters and Ni-O/La-La bond distance. A shifted Cherbyshev background 
function and pseudo Voigt peak shape were used in the refinement process. A best fit to the 
experimental  data  was  obtained  in  the  tetragonal  I4/mmm  space  group  with  the  La 
occupying  (0,0,z)  position,  Ni  occupying  (0,0,0)  position  and  two  kinds  of  oxygen 
occupying (0,0,z) and (0,1/2,0) position. Refined crystal structure information was shown 
in Fig. 3.27 and Table 3.2-3.5. For the bond length analysis, we can find that the La-O2 (*1) 
bond length decreases after LNO applied on LSCF surface. Fig. 3.28 shows the crystal 
structure of LNO, the distance of La-O2(*1) bond represent the length of AO rock salt 
layer  which  is  critical  for  the  oxygen  interstitial  transport  located  in  the  oxygen  or 
lanthanum tetrahedron. The decrease of La-O2 (*1) will reduce the space of interstitial 
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
oxygen transport channels and further influence the oxygen transport properties. The 
oxygen atomics occupy in two positions shown in Table. 3.3 and 3.4. It indicates that the 
concentration of oxygen vacancy decreases in LNO layer coated on LSCF surface. If the 
interstitial oxygen atomics were added in the crystal model occupying the 16n site in 
tetragonal, after modification, the occupancy of interstitial is higher in LNO-LSCF than 
that in pure LNO phase. Most researchers believed that the oxygen incorporation processes 
in LNO are controlled by interstitial oxygen state in AO rock salt layer. The higher 
interstitial oxygen and oxygen vacancy concentration can enhance surface oxygen 
incorporation and transport rate on LSCF/LNO surface and interface. The oxygen defect 
concentrations were determined with iodometric titration based on the oxidation of iodide 
into iodine. In iodometric titration, the oxidizing agent (transition metal) reacts with the 
excessive KI in neutral or weak acidic medium firstly based on equation 3.8, and then the 
valence of oxidizing agent is identified by titration of oxidized iodine with thiosulfate 
according to equation 3.9. Oxygen defect concentrations are therefore calculated according 
to charge compensation effects. Starch is used as indicator. At the end point, the blue or 
violet color of starch indicator disappears due to change of iodine to iodide. The total 
chemical reactions are listed below: 
 
I I 2  2e (3.8) 
 
2Na2 S2O3 I2 Na2 S4O6 2NaI 
 
(3.9) 
 
The reducing Na2S2O3 solution needs to be standardized at the beginning in accordance 
with equation 3.8 and 3.9 by using a fixed amount of strong oxidizer (KMnO4, K2Cr2O7) as 
the oxidizing agent. 
 
6KI K2Cr2O7 7H2 SO4 3I2 Cr2 SO4 3 4K2 SO4 7H2O (3.10) 
 
The results of iodometric titration, as shown in Table 3.6, also indicated that the adsorption 
of Co and Sr in LNO increases the concentration of oxygen defects, and then influences the 
oxygen exchange and transport properties of LNO. 
63 
 
 
 
 
 
 
 
 
Figure 3.19 XRD data for (a) pure LNO pellet and (b) LNO layer coated on LSCF surface 
recorded at room temperature. (+) represent the experimental data points, solid red line is 
refined data fit 
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Figure 3.20 The crystal structure of A2BO4 (*) represent the interstitial oxygen atomics 
Table 3.2 Refined cell parameters and error value in I4/mmm space group 
 
 
 
Table 3.3 Refined atomic position for pure LNO in I4/mmm space group 
 
 x y z occupy UISO 
La1 0.00000 0.00000 0.36058 1 0.01147 
Ni1 0.00000 0.00000 0.00000 1 0.01131 
O1 0.00000 0.50000 0.00000 0.9432 0.02833 
O2 0.00000 0.00000 0.16961 0.9832 0.02833 
 *     
O3 0.74087 0.00000 0.15985 0.154 0.06283 
Table 3.4 Refined atomic position for pure LNO in I4/mmm space group 
 
 x y z occupy UISO 
La1 0.00000 0.00000 0.36058 1 0.01147 
Ni1 0.00000 0.00000 0.00000 1 0.01131 
O1 0.00000 0.50000 0.00000 0.9432 0.02833 
 a b c Rwp (%) Rp (%) χ2 
Pure LNO 3.86127 3.86127 12.68641 6.39 4.68 1.689 
LNO-LSCF 3.86768 8.36768 12.69597 6.64 4.96 1.541 
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O2 0.00000 0.00000 0.16961 0.9832 0.02833 
 *     
O3 0.74087 0.00000 0.15985 0.154 0.06283 
Table 3.5 Refined band length in I4/mmm space group 
 
 La-O1 (4) La-O2 (1) La-O2 (4) Ni-O1 (4) Ni-O2 (2) 
Pure LNO 2.618 2.423 2.757 1.931 2.153 
LNO-LSCF 2.625 2.366 2.769 1.934 2.207 
Table 3.6 The valence of transition metal and the amount of nonstoichiometric oxygen in 
LNO-based materials by iodometric titration 
 La2NiO4+δ La1.9Sr0.1NiO4+δ La2Ni0.9Co0.1O4+δ La2Ni0.7Co0.3O4+δ 
Ni/Co valence 2.296 2.332 2.350 2.436 
Nonstoichiometric Oxygen 0.148 0.116 0.175 0.218 
 
 
 
3.3.6 Long-term stability and Degradation mechanisms 
 
Fig. 3.21 shows the voltage of the test cells as a function of time at a constant current 
density of 250 mW∙cm-2at 750°C. The obviously higher voltage achieved by using LNO- 
infiltrated LSCF, as compared to pure LSCF cathode, further confirm that the LNO 
nanoparticles can serve as high-performance electro-catalyst. However, both of them have 
experienced a degradation of voltage with the extension of time. The degradation of each 
V 
cell was calculated by equation 
 
final 
 V peak  100% . In the case of bare LSCF cathode, 
V peak 
the voltage drops from 0.841-0.839 to 0.839-0.836 V, showing a degradation rate of 0.36% 
over 500 h. This is lower than the values reported in the literature (e.g. 0.9-1.5% per 1,000 
hour) for LSCF cathodes operated under similar conditions [123]. The relatively high 
stability of pure LSCF cathode provides us a good baseline and high standard for the study 
of LNO infiltration. 
 
In contrast, the cell using LNO-infiltrated LSCF cathode exhibits performance degradation 
of about 0.39 % with a voltage drop from0.952-0.949 to 0.949-0.946 V after 500 h. Thus, a 
66 
 
 
slightly higher degradation rate is obtained for LNO-infiltrated LSCF cathode than LSCF 
itself. Compared to the reports of LSCF based cathodes including modified LSCF with 
other surface catalysts, as showed much higher degradation rate of the cathodes, the LNO- 
infiltrated LSCF cathodes with good long-term stability over 500 h seems to be promising 
candidates for SOFC application. As far as the similar degradation rate for both LSCF and 
LNO-infiltrated LSCF cathodes is concerned, the extended durability measurements will be 
carried out in the future. 
 
Figure 3.21 Cell voltage as function of time at a constant current density of 250 mA cm-2 
for both bare LSCF and LNO-infiltrated LSCF 
 
It has to be emphasized that the degradations observed for bare LSCF and LNO-infiltrated 
LSCF cathodes should be ascribed to different mechanisms. The performance loss with 
time for the bare LSCF could be associated with cation segregation, like the diffusion of Sr 
and La into cathode surface, as widely suggested in the literature. While nanoparticle 
thermal coarsening or low-performance phase formation resulted from chemical instability 
between bulk substrate and surface catalyst is usually responsible for long-term operation 
degradation of cathode containing surface catalysts. In order to explain relatively higher 
degradation rate of LNO-infiltrated LSCF cathode, the SEM, TEM and EDAX 
characterization analyses after the on-cell testing are depicted in Fig.3.14 and Fig. 3.22. It 
can be observed that the growth of LNO nanoparticles from around 50nm to 100-150 nm 
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occur and LNO nanoparticles are delaminate from LSCF backbone. Correspondingly after 
on-cell testing of 500 h, the loss of interface, surface area and 2PB/3PB active regions 
during the intermediate-temperature measurements could be responsible, at least in part, for 
the performance degradation the LNO-infiltrated LSCF cathode. 
At the same time, the surface chemistry states of LNO-infiltrated LSCF have been 
investigated to study the degradation mechanism of LNO-infiltrated LSCF further by XPS. 
Figure 3.23 shows the La 3d and Ni 3p spectra on the surface of LNO-coated LSCF 
samples. The La 3d peak were fitted by at least two sets of La 3d5/2 and 3d3/2 doublets 
with an energy separation of 1.79 eV and a branching ration of 0.67. And Ni 3p were also 
fitted by at least two sets of Ni3p 3/2 and 3p1/2 doublets. They represent the surface and 
bulk chemistry state of La and Ni. Based on the area of peaks, the ratio of La and Ni was 
calculated. The atomic percentages were calculated according to 
Atomic% 
I a / Sa 
Im / Sm 
(3.1) 
Where I is the peak intensity and S is the relative elemental sensitivity factor for the Auger 
line used. The ratio of La to Ni changes from 2.25 to 3.94 after 0.2V cathodic polarization. 
It needs to be mentioned that the calculated La/Ni ratio may larger than the actual value, 
because the La 3d peaks area used in calculation contains a part of Ni 2p peaks except for 
the real La 3d peaks. But the variation tendency of La/Ni still indicates that lanthanum 
enrichment exists on the surface after cathodic polarization treatment, which occupies the 
surface efficient site instead of active nickel elements. It is possible another reason for the 
degradation of LNO-infiltrated LSCF cathode. 
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Figure 3.22 SEM image of LSCF cathode with LNO infiltration (a) and (b) without long- 
term operation; (c) and (d) with 1000h long-term heat treatment at 750oC; (e) and (f) with 
500h long-term operation under a constant current density of 250 mA∙cm−2 
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Figure 3.23 Ni 3p and La 3d XPS spectra of La2NiO4+δ-coated LSCF (a) and (b) fresh 
surface; (c) and (d) surface after polarization 
 
3.4 Summary 
 
The LNO nanoparticles can be successfully infiltrated into LSCF backbone to obtain a new 
SOFC cathode with improved ORR kinetics. The currently comparative study of LSCF and 
LNO-infiltrated LSCF shows a significant reduction in polarization resistance and a 67% 
increase in maximum power density by using LNO-infiltrated LSCF cathode at 750oC. A 
power density of 637 mW∙cm-2 for the fuel cell using LNO-infiltrated LSCF cathode can be 
still achieved after long-term durability of about 500 h at 750oC, compared with the power 
density of 392 mW∙cm-2 for the baseline LSCF sample. The LNO-infiltrated LSCF 
materials can act as a more high active surface oxygen exchange cathode with promising 
electrochemical properties and fast ORR behavior. . Both ECR and LSCF self-infiltrated 
electrode results indicate that the performance improvement also results from the intrinsic 
LNO surface/ hetero-structured LSCF/LNO interface architecture offering more active 
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reaction regions of 2PB and 3PB, except for nanoscale LNO fine particles increasing 
surface active area. In consideration of relatively narrow gap between LSCF-infiltrated 
LSCF and LNO-infiltrated LSCF electrode resistance, the largest driving force for the 
increased performance may relate to the microstructure change with LNO fine particles 
introducing. Meanwhile, the cation segregation of LSCF could facilitate the surface 
catalytic properties and ORR kinetics of the LNO-infiltrated LSCF cathode with respect to 
favorable acceptor of LNO from Sr/Co doping. Although particle coarsening of LNO and 
cation diffusion from LSCF are observed, the preliminary stability results show a good 
long-term stability of the LNO-infiltrated LSCF cathode with a low degradation rate of 
0.39% over ~500 h at a constant current density of 250 mA∙cm-2. The weak Sr peaks before 
and after polarization demonstrate the inhibition of LNO for Sr segregation. The 
nanoparticles aggregation/growth and lanthanum enrichment on surface can be observed in 
SEM images, which decrease either the effective surface reaction area or heterogeneous 
interface area. Therefore, to further enhance the long-term stability of infiltrated 
(La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ (LSCF) cathode, two kinds of new hetero-structured cathodes, 
CeO2 & LNO co-infiltrated LSCF and La2-xNiO4+δ-infiltrated LSCF, have been designed 
and characterized in next work. 
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Chapter 4: Effect of A-site Deficient La2NiO4+δ on Stability of Hetero-structured 
Cathode 
 
 
4.1 Introduction 
 
In this work, the A-site deficient LNO were prepared in our recent experiment to inhibit the 
lanthanum segregation from LNO that dominates the surface kinetic activity of these 
An+1BnO3n+1 structures materials after long-term operation [
219,220]. The absence of nickel 
were detected after polarization treatment on LNO/LSCF surface reported in previous work 
chapter 3. And furthermore, it has been recently demonstrated that surface segregation 
takes place in a very short time for a number of different An+1BnO3n+1 electrode materials, 
even at low temperatures, giving rise to structural rearrangements [135,221–223]. A similar 
absence of Ni and Ni: La non-stoichiometry was obtained in these RP phase surface. No Ni 
was found in the low energy ion scattering (LEIS) spectra of the surfaces within the 
detection limit [224]. The Ni: La(Sr) ratio was also found to be far from stoichiometry down 
to a depth of about 7nm. This predominant surface structure implies that the transition 
metals (B site cations), usually invoked as the active sites for the interaction with the 
gaseous oxygen species, are hidden below the first atomic surface layers, and thus, their 
presence at the outermost surface does not seem to directly control the catalytic activity of 
these materials. The recent simulation work carried out by Wu et al. [225] has provided 
some plausible answers to the open question of why Ni is absent from the surface of 
La2NiO4+δ. The authors found that the decomposition of La2NiO4 to produce La2O3 and 
higher-order RP phases is thermodynamically favorable and would lead to a La-terminated 
and Ni-deficient surface. Therefore, two possible ways were considered to solve this 
problem. One is adjustment of elements composition to form more stable layered 
perovskite K2NiF4 phases based on the phase diagram calculation. Another one is simply 
introduce La deficient in the stoichiometry LNO infiltration solution to inhibit the 
formation of lanthanum oxide, which was widely used in perovskite materials (LSCF/LSC) 
to suppress the cations segregation. The latter way was tried out in this work. 
Meanwhile,  the  A-site  deficient  introduction  has  another  advantage  on  the  electronic 
conductivity of LNO materials. It is well known that even though LNO-based materials 
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exhibit high oxygen bulk diffusion and surface exchange coefficient, its lower electronic 
conductivity, as one of key factors, still limits the practical use as SOFC cathode [226–228]. 
To improve the electronic conductivity of LNO, lower valence element, such as Sr and Ca, 
is often introduced on A-site to produce extra electronic holes as charge compensation. 
Based on the similar charge compensation mechanism, the deficiency of trivalent 
lanthanum could produce more Ni3+ and less interstitial oxygen defects. The increase of 
Ni2+-O-Ni3+ can improve the total conductivity of the materials. 
Based on these two points, in this work, the La-deficiency was introduced into the 
stoichiometry LNO infiltration solution. A-site deficient LNO has the possibility  to 
enhance the electronic conductivity and inhibit lanthanum segregation from LNO. A-site 
deficient LNO cathode materials were prepared with different concentration of deficiency. 
The effects of A-site deficient on the lattice structure, electronic conductivity, the 
electrochemical performance were detected to confirm the intrinsic properties of A-site 
deficient LNO, and the possible ORR mechanisms were discussed. Then the 
electrochemical performance and stability of A-site deficient LNO infiltrated/coated LSCF, 
especially the surface composition in LNO, were systematically investigated. 
 
4.2 Experimental 
 
La2-xNiO4(x=0-0.2) powders were fabricated by sol-gel method. Stoichiometric nitrates 
La(NO3)3∙6H2O and Ni(NO3)2∙6H2O (Alfa Aesar) were dissolved into distilled water 
separately with complexant citric acid (Alfa Aesar). The ratio of citric acid to metal ions in 
sol-gel solution is 1.2. The mixed solution was held at 80oC and stirred by magneton until 
gelation. The gel was heated up to 400oC to decompose the nitrates and residual organics. 
The resultant powders were then sintered at 1100oC for 4h in air. Phase purity and the 
limitation of A-site deficient in LNO were examined by X-ray diffraction (XRD) patterns 
and the detail information of the crystal structure was analyzed by GASA XRD refinement 
software. The concentration of oxygen defect in different A-site deficient LNO materials 
was detected by the iodometric titration method. 
The conductivity testing is tested by Van der pauw methods. The dense A-site deficient 
LNO pellets for conductivity measurement were dry pressed using dies with the diameters 
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of 17 mm followed by sintering at 1300oC for 4h. Four silver wires were bonded to the 
surface of samples using silver paste symmetrically, followed by heating to 750oC. The 
measurement was carried out in a temperature-programed tube furnace. The electrical 
conductivity data was collected using Keithley, with sourcing current of 10 mA and 
monitoring the voltage. 
A symmetric cell configuration of La2-xNiO4 |GDC|YSZ|GDC|La2-xNiO4 were assembled 
with the similar processes described in chapter 3. Finally, the green symmetrical electrodes 
were also co-fired at 1150oC for 3 h with an active surface area of about 0.7 cm2. The 
electrochemical performance of La2-xNiO4 were characterized by EIS under OCV 
conditions. For comparison and performance evaluation, La2-xNiO4 was infiltrated into the 
both LSCF sides in the LSCF|GDC|YSZ|GDC|LSCF cell, as described in chapter 3, to form 
a symmetric cell using La2-xNiO4-infiltrated LSCF cathode. Silver rings were attached to 
both electrode sides of the symmetric cells by using Pt paste as current collectors. 
To avoid the influence of microstructure, the dense La2-xNiO4 was coated on LSCF surface 
to identify the surface elements composition by air brush method. In this process, 
(La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ and La2-xNiO4+δ (x=0-0.2) powders were added into ethanol (5g 
powders to 30 ml ethanol) separately along with polyvinyl butyral (PVB) and fish oil at the 
weight ratio of 100:2:1.5, then ball-milled for 24h to produce suspensions which were 
orderly applied onto one sides of electrolyte to prepare dense cathode layers. The 
electrolyte GDC green pellets (2.5g) were prepared by dry pressing method in the die with 
diameter 16.5mm under 50 MPa. The certain volume suspensions were evenly sprayed 
onto the surface of green electrolyte pellets, followed by a final pressing of 200 MPa. The 
green hetero-structured pellets (GDC|LSCF|La2-xNiO4) were sintered up to 1300
oC for 4h 
to obtain dense pellets. To avoid any possible initial element enrichment on the surface, the 
sintered pellets were polished manually using sandpaper then 2 μm polishing cloth. Pt paste 
was applied on the opposite side to form the counter electrode and a silver ring was fixed 
on the middle of electrode cylindrical surface. Silver rings were attached to both electrode 
sides of the symmetric cells by using Pt paste as current collectors. 
The electrochemical impedance spectroscopy (EIS) measurements for the symmetrical 
cells were carried out by an Auto lab station (AUT85484) in ambient air under open circuit 
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voltage (OCV) with or without -0.2V polarization. The frequency range was within 0.01 to 
100 kHz at an amplitude of alternating circuit (AC) signal of 10mV, and the measured 
temperature was controlled from 550 to 750oC. All impedance data were collected after 
keeping the desired temperature for more than 30 min. 
 
4.2 Results and Discussion 
 
4.2.1 Phase Composition and Structure 
 
Fig. 4.1 gives the XRD patterns of as-prepared A-site deficient LNO powders. The patterns 
confirmed the existence of single Ruddlesden-Popper phase (PDF# 34-0314) for x<0.2, and 
no detectable perovskite LaNiO3 phase shows in the XRD patterns. However, for the 
sample La1.80NiO4+δ, a great amount of impurity peaks is visible in the XRD pattern. 
Therefore, the lanthanum deficiency limit is x<0.2 in La2-xNiO4+δ. To give an insight into 
the specified information of La2-xNiO4+δ crystal structure, GASA refinement was 
performed on the XRD data of the A-site deficient LNO. A shifted Cherbyshev background 
function and pseudo Voigt peak shape were used in the refinement process. A best fit to the 
experimental data was obtained in the tetragonal I4/mmm space group with the La 
occupying (0,0,z) position, Ni occupying (0,0,0) position and two kinds of oxygen 
occupying (0,0,z) and (0,1/2,0) position. Refined crystal structure information was shown 
in Fig. 4.2 and Table 4.1 and 4.2. The lattice parameters a, b and c of samples are listed in 
Table 4.1. All the lattice parameters increase with an increase in x. The refinement results, 
as shown in Table 4.2 indicate that the lattice parameters increase is attributed to the 
distorted octahedron in LNO with the existence of A-site deficiency. For the bond length 
analysis, the La-O2 (*1) bond length decreases after LNO applied on LSCF surface, which 
represents the length of AO rock salt layer which is critical for the oxygen interstitial 
transport located in the oxygen or lanthanum tetrahedron. The decrease of La-O2 (*1) will 
reduce the space of interstitial oxygen transport channels and further influence the oxygen 
transport properties. 
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Figure 4.1 XRD pattern of La2-xNiO4+δ (x=0-0.2) powders after sintering 1000
oC for 6h in 
air: (a) x=0; (b) x=0.05; (c) x=0.10; (d) x=0.15; (e) x=0.2. 
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Figure 4.2 Rietveld refinement profiles of A-site deficient La2-xNiO4+δ after being sintered 
at 1100oC (space group I4/mmm): (a) x=0; (b) x=0.05; (c) x=0.10; (d) x=0.15. (+) represent 
the experimental data points, solid red line is refined data fit 
 
Table 4.1 Refined cell parameters and error value of A-site deficient LNO in I4/mmm 
space group 
 
 a b c Rwp (%) Rp (%) χ2 
La2NiO4+δ 3.86215 3.86215 12.68875 5.16 3.35 5.205 
La1.95NiO4+δ 3.86347 3.86347 12.70346 5.12 3.34 5.106 
La1.90NiO4+δ 3.86868 3.86868 12.723816 5.90 3.69 5.946 
La1.85NiO4+δ 3.86518 3.86518 12.718372 7.92 4.73 13.96 
 
Table 4.2 Refined band length of A-site deficient LNO in I4/mmm space group 
 
 La-O1 (4) La-O2 (1) La-O2 (4) Ni-O1 (4) Ni-O2 (2) 
La2NiO4+δ 2.618 2.423 2.757 1.931 2.153 
La1.95NiO4+δ 2.626 2.422 2.757 1.932 2.152 
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La1.90NiO4+δ 2.631 2.379 2.767 1.934 2.199 
La1.85NiO4+δ 2.631 2.369 2.762 1.931 2.198 
 
 
 
4.2.2 Conductivity, Oxygen Non-Stoichimetry and Electrochemical Performance 
 
Fig. 4.3 indicates the electrical conductivities of as-prepared A-site deficient LNO as a 
function of temperature (250-800oC). The conductivities of all powders have a similar trend 
with temperature, the conductivity initially increases and then decreases with temperature. 
The conductivity transition temperature of La2-xNiO4+δ increases with increasing A-site 
deficiency, and the conductivities of A-site deficient LNO are more stable than LNO 
materials under low temperature, both of which could be beneficial to the application at 
low-temperature for A-site deficient LNO as cathode materials. The La2-xNiO4+δ with 
higher deficient exhibits the slightly higher conductivity below 800oC. The maximum 
conductivities of La1.85NiO4+δ, La1.95NiO4+δ and La2NiO4+δ are 105, 100 and 97 Scm
-1, 
respectively. Focusing on lanthanum deficient in LNO, the charge compensation 
mechanisms can be represented by two defect equations involving either oxygen vacancy 
or hole formation. The positive holes are treated in localized terms as Ni3+ and O- small 
polaron species to form Ni-O-Ni transport way of electrons, which could increase p-type 
conductivity and promote overall reactivity of the catalyst material. The iodometric titration 
results shown in Table 4.3 indicate that part of lanthanum deficient was compensated by 
holes and increase the concentration of Ni3+-O-Ni2+ transport way, thereby increasing the 
electronic conductivity. Meanwhile, the charge introduced by lanthanum deficiency is 
compensated by an oxygen vacancy increase in perovskite and a reduction of interstitial 
oxygen in AO salt layer. 
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Figure 4.3 The total conductivity of La2-xNiO4+δ pellets 
 
 
Table 4.3 The valence of transition metal and the amount of nonstoichiometric oxygen in 
A-site deficient LNO materials by iodometric titration 
 
 La2NiO4+δ La1.95NiO4+δ La1.90NiO4+δ La1.85NiO4+δ 
Ni2+/Ni3+ valence 2.296 2.329 2.354 2.38 
Nonstoichiometric Oxygen 0.148 0.0893 0.0269 -0.0350 
 
Representative EIS data for symmetric cells using La2-xNiO4+δ (x=0-0.2) cathodes collected 
at OCV in air at temperature of 750oC, respectively, are shown in Fig. 4.4. Typical 
equivalent circuits Rs(RHFQHF)(RLFQLF) have been used to deconvolute the measured data 
for the cathodes, where Rs is the ohmic resistance of the symmetrical cells, and Rn and Qn 
indicate resistance and constant phase element of different electrode processes, respectively. 
In the all case of La2-xNiO4+δ  (x=0-0.2) cathodes, two RQ elements of semi-circle arcs 
reflect the electrode polarization. A equivalent capacitance value CHF( C (R Q )
1/n 
/ R ) 
n n   n 
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in the range of 10-4-10-3 F∙cm-2are obtained from high frequency response and 
corresponding to CLF value of ～10-2 F∙cm-2, both of which is typically attributed to charge 
transfer process and an intermediate behavior with a similar surface process. The Rp values 
of La2-xNiO4+δ (x=0-0.2) cathodes are 0.37, 0.42, 0.8 and 1.18 Ω∙cm2 at 750 °C, 
respectively. The increase in cathode polarization resistance demonstrates that lanthanum 
deficient decreases the electrochemical activity and surface exchange kinetics of LNO 
electrodes.. Temperature-dependent polarization resistance is characterized in Fig. 4.5. At 
550oC, an additional arc shows in A-site deficient LNO cathode as shown in Fig. 4.6. 
Considering the difference of oxygen ionic conductivity for electrolyte and La2-xNiO4+δ 
(x=0-0.2) materials, the additional arc is proposed to represent the interface charge transfer 
between electrode and electrolyte. Comparing the Nyquist plots 750oC to 550oC, the high 
frequency arcs have a larger variation for La2-xNiO4+δ (x=0-0.2) cathodes than that of the 
low frequency arcs, as shown in Fig. 4.7 and 4.8. Combined with reduction of oxygen 
defect concentration detected by iodometric titration method in Table 4.3, the narrow 
channel of interstitial oxygen transport will suppress the oxygen incorporation rate on La2- 
xNiO4+δ surface by introduction of lanthanum deficiency. Although the La2-xNiO4+δ with 
higher deficient have higher conductivity and rapid bulk oxygen transport properties, the 
surface charge transfer still gradually dominates the impedance with lanthanum deficient 
increasing. The surface charge transfer process for LNO materials is thus possibly 
controlled by surface interstitial oxygen concentration along with transition metal states. 
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Figure 4.4 Temperature-dependent polarization cathode resistance of La2-xNiO4+δ (x=0-0.2) 
 
 
Figure 4.5 Temperature-dependent polarization cathode resistance of La2-xNiO4+δ (x=0-0.2) 
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Figure 4.6 Temperature-dependent polarization cathode resistance of La2-xNiO4+δ (x=0-0.2) 
for high frequency arcs 
 
Figure 4.7 Temperature-dependent polarization cathode resistance of La2-xNiO4+δ (x=0-0.2) 
for high frequency arcs 
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Figure 4.8 Temperature-dependent polarization cathode resistance of La2-xNiO4+δ (x=0-0.2) 
for low frequency arcs 
 
4.2.3 Infiltrated Hetero-structure A-site deficient LNO-LSCF Cathode 
 
For comparison and performance evaluation, La2-xNiO4+δ (x=0-0.2) was infiltrated into the 
both sides of LSCF layers in the LSCF|GDC|YSZ|GDC|LSCF cell to form a symmetric cell 
using LNO infiltrated LSCF cathode. Representative EIS data for symmetric cells using 
La2-xNiO4+δ (x=0-0.2) cathodes are collected at different temperature under OCV in air. 
Temperature-dependent polarization resistance is characterized in Fig. 4.9. The Rp values 
of La2-xNiO4+δ (x=0-0.2) infiltrated LSCF cathodes are 0.025, 0.028 and 0.035 Ω∙cm2 at 
750 °C, respectively. The cathode electrochemical performance reduces with increasing the 
concentration of lanthanum deficient, which is consistent with the pure La2-xNiO4+δ(x=0- 
0.2) cathode properties because of its surface electro-catalytic. The obvious one order of 
magnitude decrease in cathode polarization resistance after infiltration demonstrates that A- 
site deficient La2-xNiO4+δis still one potential infiltration materials for bare LSCF cathode. 
The cells with La2-xNiO4+δ infiltrated LSCF cathode will be assembled, and the stability of 
the cathode will be characterized in the future. 
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To avoid the influence of microstructure variation of infiltrated nanoparticles, the stabilities 
of electrochemical performance of infiltrated LSCF were examined by denseLa2-xNiO4+δ 
coated LSCF thin cathode fabricated by air-brushed dry pressing method. The 
electrochemical impedance data were collected after different polarization times from 30- 
960mins. In the all case of La2-xNiO4+δ (x=0-0.2) cathodes, two RQ elements of semi-circle 
arcs reflect the electrode polarization. The small high frequency arcs are correspond with 
electrode/electrolyte interface process based on the high frequency 105 Hz, and the large 
low frequency arcs reflect surface ORR process. The initial Rp values of La2-xNiO4+δ (x=0- 
0.2) coated LSCF cathodes increase with increasing the concentration of lanthanum 
deficient, which is consistent with the pure La2-xNiO4+δ (x=0-0.2) cathode properties 
because of its surface electro-catalytic. But after -0.2V cathodic polarization for 960min, 
the degradation of La2-xNiO4+δ (x=0-0.2) coated LSCF reduces with increasing lanthanum 
deficient concentration. The enhanced stability of La2-xNiO4+δ (x=0-0.2) coated LSCF 
demonstrates that A-site deficient La2-xNiO4+δ is one potential infiltration materials for bare 
LSCF cathode to improve the surface stability. The La/Ni ratio determined by surface XPS 
also proved that A-site cation segregation can be suppressed by the introduction of A-site 
deficiency slightly. 
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Figure 4.9 Temperature-dependent polarization cathode resistance of La2-xNiO4+δ (x=0-0.2) 
infiltrated LSCF 
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Figure 4.10 Nyquist plot of three electrode cell with A-site deficient La2-xNiO4+δ coated 
LSCF cathode at 700oC after -0.2V cathodic polarization (a) La2NiO4+δ, (b) La1.95NiO4+δ 
and (c) La1.85NiO4+δ 
 
Table 4.4 The ratio of La/Ni in La2-xNiO4+δ with and without long-term operation 
 
 La2NiO4+δ La1.95NiO4+δ La1.90NiO4+δ La1.85NiO4+δ 
Initial La3+/Ni2+ ratio 2.29 2.10 1.94 1.83 
La3+/Ni2+ ratio after long-term operation 3.94 3.43 3.14 2.61 
 
4.3 Summary 
 
A-site deficient LNO were prepared to inhibit the lanthanum segregation on the LNO- 
LSCF surface, since some lanthanum oxide and lanthanum nickel perovskite phase were 
detected after polarization treatment on LNO/LSCF surface in previous work. The intrinsic 
properties of La2-xNiO4+δ (x=0-0.2) were measured. The maximum deficient concentration 
of lanthanum is less than 0.2 in La2-xNiO4+δ. The La2-xNiO4+δ with higher deficient exhibits 
a slightly higher conductivity below 800oC. Part of lanthanum deficient was compensated 
by holes and increase the concentration of Ni3+-O-Ni2+ transport way. The concentration of 
interstitial oxygen defects and the paths of interstitial oxygen transport decrease with the 
addition of A-site deficiency. Although the La2-xNiO4+δ with higher deficiency has higher 
conductivity, the surface charge transfer still dominates the impedance with increasing 
lanthanum deficiency. The surface charge transfer process for LNO materials is possibly 
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controlled by surface interstitial oxygen concentration along with transition metal states. A 
one order of magnitude decrease in cathode polarization resistance after infiltration has 
been observed, and after -0.2V cathodic polarization for 960min, the degradation of La2- 
xNiO4+δ (x=0-0.2) coated LSCF reduces with increasing lanthanum deficient concentration. 
The enhanced stability of La2-xNiO4+δ (x=0-0.2) coated LSCF demonstrates that A-site 
deficient La2-xNiO4+δ is one potential infiltration materials for bare LSCF cathode to 
improve the surface stability. But more investigation needs to be done to further solve the 
problem of lanthanum enrichment. 
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Chapter 5: CeO2& La2NiO4+δ Co-Infiltrated (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ Cathode 
 
 
5.1 Introduction 
 
Reducing the operation temperature range of solid oxide fuel cells (SOFCs) from 800- 
1000oC to 600-800oC is currently attracting the attention of researchers, because it is 
beneficial to the long-term stability, the flexibility of material choices and thus the 
reduction of the cost of SOFCs systems [9,10,229]. As the performance of the typical high- 
temperature strontium-doped lanthanum manganite (LSM) electrode is not satisfactory in 
this intermediate-temperature region, new composite cathode materials with rapid oxygen 
exchange and transport properties, such as LSCF and LNO, have been developed to 
promote the electrode performance. Besides the exploration of novel materials, another 
efficient approach to improve the performance is infiltration. The infiltration technique has 
been extensively utilized in the composite cathode fabrication based on its unique 
advantages among other composite techniques. As results of the low phase formation 
temperature and nano-sized deposit particles, the chemical reaction between the infiltrated 
materials and the electrolyte can be diminished, and large triple-phase boundary (TPB) 
areas and high catalytic activity can be acquired for cathode reaction[191–193]. Moreover, 
infiltration may benefit the performance by avoiding an inert surface. In our previous study, 
it has been demonstrated that an LNO infiltration layer can suppress the surface segregation 
of Sr on the LSCF backbone [230]. In fact, numerous cathode infiltration investigations 
indicate that the electrode polarization resistance of common electrolyte infiltrated LSM 
was one or two orders of magnitude smaller than the value of the pure LSM under 
intermediate temperature. Nonetheless during the long-term operation, the infiltrated 
cathode usually experiences an abrupt performance drop in the early stage, which 
compromises the advantage of such method in the commercial application. The 
agglomeration/growth and delamination of the infiltrant particles due to low melt point 
and/or high surface energy are believed to be the main reasons for the degradation of the 
electrode performance under SOFCs operation temperature[205,207,231–234]. 
It is well-known that melting-point depression phenomenon plays a critical role in the 
growth of nano-sized particles. The melting point of materials reduces with decreasing 
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particle size. For the particle growth process, three major mechanisms have been developed 
and applied in the investigations of the initial stage of solid sintering according to the 
characteristic of mass transfer, solid state atomic diffusion, liquid phase transport and 
evaporation condensation [235–238]. Vapor involved evaporation condensation process is 
common to be observed in metal particles growth, but not in ceramics particles considering 
the high evaporation temperature for ceramics. While, solid and liquid related mass transfer 
processes are widely applied in ceramics growth and sintering, as shown in Fig. 5.1. For the 
solid-state mass transfer, atomic diffusion in the solid state produces joining of the particles 
and enhancement of particle growth, and usually the particles growth and aggregation 
happen when the temperature reaches to typically 0.5-0.9 of the melting point [237]. For the 
liquid phase mass transfer, a small amount of liquid or glass phases flow from particles 
surface to the grain boundary and lead to boundary growth of the particles. The present of 
liquid or glass phase is controlled by the melting point or the softening temperature of 
particles. Both atomic diffusion mechanism and liquid viscous flow mechanisms, are 
mostly related with the melting point of particles. . 
Consequently, the nanoparticle growth and aggregation take place in the infiltrated cathode 
during operation even though the temperature is still much lower than the melting point. 
Therefore, suppression of melting-point depression is key factor to inhibit the nanoparticles 
aggregation/growth and enhance the stability of infiltration electrode. In this sense, a 
possible way to depress the nanoparticles growth and aggregation is to add a second phase 
with higher melting point and poor atomic diffusion property. The common cubic fluorite 
structure electrolytes used in SOFCs, such as doped ZrO2 or CeO2-based materials, show a 
up to 500oC higher melting point than the common cathode materials[239]. Compared with 
doped ZrO2-based materials, CeO2-based electrolytes display lower inter-diffusion 
tendency with cathode elements, and thereby have been widely used as an interlayer 
between YSZ and cathode to restrict the diffusion of lanthanum and strontium etc. [240,241]. 
Meanwhile, it has been proved that the wettability of CeO2-based materials is much greater 
towards LSCF and LSC cathode materials. Therefore, a resultant good adhesion with 
cathode backbone would probably prevent the delamination of infiltration layer [242]. In 
regard of this, CeO2 could be a desirable second phase to reduce nanoparticles growth and 
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enhance the long term stability of infiltrated electrode. The high conductivity and oxygen 
defect concentration CeO2-based materials are desired to mitigate the problem of the 
conductivity shortage of infiltration phases and improve the effective oxygen kinetics in 
CeO2/LNO/gas triple phase boundary. Researchers have reported that the substitution of 
lanthanide series elements in CeO2 enhance the defect concentration and the total 
conductivity. The total conductivities of (Gd, Sm, La)-doped Ce1-xMO2 (M=Gd, Sm, La) 
are two orders of magnitude higher than pure CeO2[
243, 244]. In the consideration of the 
coexistence of lanthanum and cerium nitrates in the infiltration solution, it is assumed that 
La-doped CeO2 (LDC) could be formed in one-step co-infiltration process. Therefore, no 
Gd or Sm was added into infiltration solution to avoid complexity of infiltration solution. 
In the present study, in continuation of our previous study on LNO-infiltrated LSCF, CeO2 
was co-infiltrated into the LSCF backbone along with La2NiO4+δ to prevent the particle 
growth/ aggregation and delamination from LSCF surface. The morphology and 
electrochemical performance of co-infiltration cathodes were monitored to reveal the effect 
of CeO2 on the long term aging process. 
 
 
Figure 5.1 Schemic of the aggregation and sintering process of particles 
 
5.2 Experimental 
 
A symmetric cell configuration was adopted. Gadolinium doped ceria (10% Gd, GDC, Fuel 
Cell Material Co.) powders were dry-pressed under 300MPa in a 16.5mm die, followed by 
sintering at 1450oC for 4 h to fabricate dense electrolyte pellets. The thickness of these 
pellets is ~1mm.  A-site deficiency (La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ (LSCF, Fuel Cell Material 
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Co.) powders were dispersed into an organic vehicle ink (VHE, Fuel Cell Material Co. in 
US.) with a weight ratio of 1:0.7 to form a homogeneous slurry. Then, the slurry was 
screen-printed on both sides of the GDC electrolyte symmetrically, and sintered at 1150oC 
for 3 h. The LSCF cathodes have a thickness of 20 µm and an active surface area of 0.7 
cm2. CeO2 and LNO were infiltrated into the both sides of the LSCF|GDC|LSCF cell with 
different molar ratio, as described below, to form CeO2 & LNO co-infiltrated LSCF 
cathodes. 
The CeO2 & LNO precursor solution with a concentration of 1 mol/L was composed of 
La(NO3)3∙6H2O, Ni(NO3)2∙6H2O and Ce(NO3)2∙6H2O (99.9%, Alfa Aeser) as solute, a 
mixture of ethanol and deionized water with a volume ratio of 1:0.6 as solvent. Citric acid 
and TX100 was added into the solution as complexing agent and dispersant to promote the 
formation of LNO phase and improve CeO2 phase distribution status on the LSCF substrate. 
After infiltrating the nitrate solution into the porous LSCF cathode on each side of the 
symmetric cells, the samples were dried at 250oC for 1h. Repeating infiltration process 
followed by drying process was carried out to increase the amount of infiltration phase in 
the cathode backbone. Eventually the cells were sintered at 900oC for 1 h to crystallize the 
CeO2 and LNO phases. Afterward, silver ring was attached to the electrodes of the 
symmetric cells as current collector by silver paste and sintered at 700oC for half an hour. 
To confirm the existence of CeO2 and LNO phases and the compatibility between CeO2 
and LNO, CeO2 and LNO particles were co-fabricated on flat LSCF plate to avoid the 
inconvenient XRD detection for porous electrode with similar infiltration solution. The 
resultant basic LSCF plate were sintered in air at 900oC for 1h. X-ray diffraction (XRD) 
patterns were gathered by a Panalytical X’Pert Pro diffractometer using Cu Kα radiation 
(λ=1.5406 Å) to identify the phase composition. The cross section microstructure of 
infiltrated cathode with or without ageing at 750oC for 1080h were recorded by scanning 
electron microscope (SEM, JEOL JSM-7600F). A Metrohm Autolab station (AUT85484) 
was applied on the symmetrical cells for electrochemical impedance spectroscopy (EIS) 
measurement under open circuit voltage (OCV) in ambient air from 550oC to 750oC. The 
frequency range was from 0.01 to 100 kHz with a 10mV ac amplitude. All impedance data 
were collected after a stabilization time of more than 30 min and analyzed using Z-view 3.1. 
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5.3 Results and Discussion 
 
5.3.1 X-ray Diffraction Pattern for phase composition 
 
Fig. 5.2 shows the XRD pattern of the CeO2 & LNO co-infiltrated LSCF electrode on GDC 
electrolyte. Although the main characteristic peaks of LNO can be identified in the XRD 
patterns, the characteristic peaks of CeO2 will be eclipsed by the GDC electrolyte peaks. 
The intensity of the LNO peaks were found much weak than the LSCF backbone and some 
characteristic peaks may merge with the backbone peaks also. In short, the crystal structure 
of the in-situ formed LNO and CeO2 cannot be clearly verified through the pellet XRD. 
Therefore, to further confirm the existence of CeO2 and LNO phases, the metal nitrate 
infiltration solutions of CeO2 & LNO were also dipped on flat LSCF plate. After drying at 
250oC, the precursor powders was co-sintered at 900oC for 1h to obtain final product. XRD 
pattern of the co-synthesized powders was collected, as shown in Fig. 5.3. Only LNO peaks 
with tetragonal structure and CeO2 peaks were seen in the patterns. But the position of 
CeO2 peaks move to the smaller angle, which means larger lanthanum ion was possibly 
doped into CeO2 lattice when mixing cerium and lanthanum ions together. Trivalent 
lanthanum doping in CeO2 improves the total conductivity of pure ceria by two orders of 
magnitude due to the generation of intrinsic oxygen vacancies [244]. The enhancement of 
the total conductivity could supply more oxygen transport paths and improve the 
concentration of oxygen incorporation sites in the cathode. And valence alternation of 
cerium could offer a high catalytic activity for oxygen reduction reaction. Meanwhile, the 
doping of La in CeO2 results in A-site deficient in LNO phase since the stoichiometric 
lanthanum nitrite and nickel nitrite were mixed in infiltration solution preparation. It could 
enhance the total conductivity of LNO that is the main disadvantage for LNO-based 
materials, and may suppress the surface absence of Ni problems 
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Figure 5.2 XRD pattern of CeO2 & LNO co-infiltrated LSCF/GDC/LSCF cells 
 
 
Figure 5.3 XRD pattern of CeO2& LNO powders co-synthesized by sol-gel solution 
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5.3.2 Effect of microstructure before and after long-term stability 
 
Fig.5.4 (a)-(d) show the SEM microstructures of the as-prepared pure LNO-infiltrated 
LSCF and the as-prepared 20 mol. % CeO2 & LNO co-infiltrated LSCF. For both as- 
prepared cathodes, the nanoparticles are uniformly distribute on the surface of the LSCF 
backbone and closely connect to the LSCF backbone. In LNO-only sample, the clear 
particles boundary can be seen between the LNO nanoparticles with a diameter about 50- 
100 nm in the magnified SEM figure. And comparing with the pure LNO infiltration, the 
addition of CeO2 increases the uniformity and wettability of infiltration solutions and 
reduces the particles size slightly, thereby enlarging the surface and nanoparticles/backbone 
interface areas with a flattened morphology. 
However, Fig. 5.4 (e)- (h) the microstructures of LNO-only infiltrated LSCF and CeO2 & 
LNO co-infiltrated LSCF after 1080 h at 750oC treatment. It can be seen that the LNO 
particles aggregate with each other and form a continuous network of solid nanoparticles 
and porosity with ambiguous grain boundary. The diameter of some isolated grown 
particles reach to 200-300nm, and much larger size of the compact particles with 
ambiguous boundary can be detected in the Fig. 5.4 (e) and (f). It looks like the typical 
intermediate stage of particles sintering. In that stage, the high curvatures of the initial state 
have been moderated and the microstructure consists of a three-dimensional 
interpenetrating network of solid particles and continuous, channel-like pores. And grain 
growth of the compact particles starts to become significant by grain boundary integration 
in the next process. Such aggregation and the following grain growth could reduce the 
surface areas of LNO particles, and then will probably impair the performance of the 
electrode. Besides, these LNO nanoparticles are more loosely adhered on the LSCF 
backbone in the LNO-only sample as shown in Fig. 4 (c). And even some nanoparticles 
delaminated from the LSCF surface and formed their own networks. Both phenomena 
reduce the effective LNO/LSCF interface that is in favor of the enhancement of the 
electrochemical performance [162,245]. In contrast, for CeO2 & LNO co-infiltrated LSCF 
samples, Fig. 5.4 (g) and (h) show an inhomogeneous size distribution of the nanoparticles 
with clear grain boundary. A part of nanoparticles kept the similar particle size with a 
diameter of 50-100nm after 1080 h aging, and a few nanoparticles surrounded by small 
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particles grows to large particles with a diameter of less than 200nm. It seems that the 
second phase has the pinning effect on the movement of the grain boundary, resulting in 
the reduction of the grain boundary energy and the capacity of grain boundary movement. 
The particle size reaches steady state with a diameter of less than 200nm and the particles 
growth process is completed. Hence, the existence of the second phase CeO2 nanoparticles 
suppress the atomic diffusion between LNO particles and further inhibits the nanoparticles 
growth/aggregation. It is benefit for the control of the reduction of surface 2PB and 3PB 
area after long-term operation. Meanwhile, the co-infiltrated nanoparticles are still tightly 
attached to the backbone surface uniformly. It avoids the exposition of LSCF backbone and 
restrains possible segregation of strontium on LSCF surface during long-term operation. 
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Figure 5.4 SEM image of (a) and (b) as-prepared LNO-infiltrated LSCF electrode, (c) and 
(d) LNO-infiltrated LSCF electrode with 1080 h heat treatment at 750oC, (e) and (f) as- 
prepared 20 mol. % CeO2 & LNO co-infiltrated electrode, (g) and (h) 20 mol. % CeO2 & 
LNO co-infiltrated LSCF electrode with 1080 h heat treatment at 750oC 
 
5.3.3 Electrochemical Performance 
 
Firstly, in order to confirm the optimal loading of infiltration phase, the electrochemical 
performance of LNO-LSCF/GDC/LNO-LSCF symmetrical cells with different LNO 
loading were characterized in our preliminary work. With increasing the loading of LNO, 
the distribution of LNO nanoparticles in the LSCF substrate are of island, film or multiple 
sheet. Therefore, 15 wt. % LNO loading, which covers on LSCF surface completely with a 
single uniform LNO nano-layer, was applied in our next work. 
The electrochemical performances for these infiltrated LSCF cathodes were characterized 
by electrochemical impedance spectroscopy. The Arrhenius plots of the polarization 
resistance (Rp) are shown in Fig. 5.5 for samples with different CeO2 weight ratio. It 
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indicates that Rp increases with increasing amount of CeO2 in the infiltration solution. The 
Rp values for as-prepared LNO-infiltrated LSCF cathode is 0.02 Ω cm2 at 750oC. In 
comparison, Rp for the as-prepared co-infiltrated LSCF cathode is 0.05 and 0.12 Ω cm2 for 
10 mol. % and 20 mol. % CeO2 at 750
oC, respectively. Although, CeO2-containing 
electrode shows inferior performance than the LNO-only sample, their Rp are still one 
order of magnitude smaller than the blank LSCF cathode with less than 35 mol. % CeO2 
addition. The increase of the resistance should be related to the low oxygen catalytic 
activity and total conductivity of CeO2-based materials. The surface exchange coefficient 
of CeO2-based materials is much lower than LSCF and LNO materials by several orders of 
magnitude [246–248]. Meanwhile, as reported by Zhu [249], the total conductivity decreases 
significantly with the increase of the CeO2-based content in the cathode material. The 
values dropped from 115.5 S cm-1 to 11.6 rapidly when 50 wt. % LDC was introduced into 
LSF cathode. Combining the original low electrical conductivity of LNO-based materials, 
the addition of CeO2-based materials could make the electrochemical performance of 
infiltration electrode deteriorates. 
In the case of as-prepared co-infiltrated LSCF, equivalent circuit Rs(Q1R1) (Q2R2) (Q3R3) 
has been used to fit the EIS data and monitor the alternation of different elementary 
processes in different infiltration electrodes, where Rs is the ohmic resistance, and Rn and 
Qn the polarization resistance and constant phase element of different elementary processes, 
respectively. An equivalent capacitance value Q1 in the range of 10
-3-10-2 F cm-2 is obtained 
from high frequency response. The considerable process is most probably the charge 
transfer process related with ionization reaction of adsorbed oxygen according to literature 
[94,215,250]. Based on the Q2 and characteristic frequency values, the oxygen surface 
adsorption/desorption and bulk oxygen diffusion processes are believed to relate with this 
intermediate behavior. In consideration of rapid oxygen transport properties of LSCF, LNO 
and CeO2, the resistance at the intermediate frequency should be attributed to the oxygen 
adsorption/desorption process. And an additional smaller arc at low frequency 10-1 Hz may 
be assigned to gas diffusion as reported elsewhere. In comparison with the pure LNO- 
infiltrated LSCF, both Rp at high and intermediate-frequency increase with increasing 
amount of CeO2. And the intermediate-frequency arcs gradually transfer to the rate limiting 
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step, which is closely related to the surface areas. The significant increase in the 
intermediate-frequency resistance results from the reduced surface areas caused by flatted 
morphology and lower surface catalytic of CeO2. 
After 1080 h heat treatment at 750oC, both LNO-infiltrated LSCF and co-infiltrated LSCF 
showed increased Rp values. In the case of LNO-only sample, the cathode resistance 
increased from 0.02 to 0.53 Ω cm2 (26.5 times). In contrast, the co-infiltrated LSCF 
cathode exhibited a gradually enhanced stability as the addition of CeO2, with cathode 
resistance increased from 0.05 to 0.44 (8.8 times) for 10 mol% CeO2, and 0.12 to 0.61 Ω 
cm2 (5.1 times) for 20 mol% CeO2 infiltrated samples. The much smaller intermediate- 
frequency resistance of the 10 mol. % CeO2 & LNO co-infiltrated LSCF indicates that the 
addition of CeO2 inhibits the particles growth of the infiltrated nanoparticles effectively. A 
much larger resistance at high-frequency in the LNO infiltrated LSCF when compared with 
the co-infiltrated sample could be caused by the strontium segregation on the LSCF 
backbone surface, since the delamination of LNO nanoparticles in the LNO-only sample 
leads to more bare LSCF surface which is not resistant to Sr segregation. 
 
 
Figure 5.5 Nyquist diagram of electrochemical impedance spectra for LNO infiltrated 
LSCF symmetrical cells with and without CeO2 co-infiltration 
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Figure 5.6 Arrhenius plots of fitted electrochemical impedance spectra for LNO infiltrated 
LSCF symmetrical cells with and without CeO2 co-infiltration 
 
Figure 5.7 Nyquist diagram of electrochemical impedance spectra for LNO infiltrated 
LSCF symmetrical cells with and without CeO2 co-infiltration 
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5.4 Summary 
 
In this work, the chemically stable CeO2 with high melting point and good wettability, 
along with La2NiO4+δ, was successfully co-infiltrated into LSCF backbone in one step. The 
characteristic peaks of LNO and CeO2 phase present in XRD patterns without impurity 
phase. The CeO2 addition in infiltration solution improve the contact between nanoparticles 
and LSCF backbone. Much flatter nano-layer was obtained in CeO2 & LNO co-infiltrated 
LSCF cathode, which enhance nanoparticles/backbone interface and reduce nanoparticles 
surface areas. And the cathode polarization resistance increases with increasing the amount 
of CeO2 addition in the infiltration solution because of reduced surface areas and lower 
catalytic and conductivity of CeO2. The cathode resistance of 20 mol. % CeO2& LNO co- 
infiltrated LSCF is still one magnitude less than pure LSCF. After 1080 h aging at 750oC, 
the aggregation/growth and delamination of LNO can be observed in pure LNO-infiltrated 
LSCF cathode. The diameter of some isolated grown particles reach to 200-300nm, and 
much larger size of the compact particles with ambiguous boundary can be detected. In 
contrast, the CeO2 addition improve the wettability of infiltration solution between 
nanoparticles and LSCF backbone. Infiltrated nanoparticles are still attached on LSCF 
backbone tightly and uniformly. Compared with pure LNO infiltration, both less reduced 
surface areas and fewer exposed areas of LSCF with CeO2 addition allow the enhancement 
of cathode stability. Meanwhile, a part of nanoparticles kept the similar particle size with a 
diameter of 50-100nm after 1080 h aging, and a few nanoparticles surrounded by small 
particles grows to large particles with a diameter of less than 200nm. The particle size 
reaches steady state with a diameter of less than 200nm and the particles growth process is 
completed. EIS data show that the degradation rate of CeO2 & LNO co-infiltrated LSCF 
cathode is much smaller than that of pure LNO infiltration. In comparison with as-prepared 
electrode, the cathode polarization resistance of pure LNO-infiltrated LSCF increases to 
over 26 times, but 5 times for infiltrated cathode with 20 mol. % CeO2 addition. Both 
impedance measurements and SEM examinations suggested that addition of a second 
phases with higher melting point and good wettability are one potential way to decelerate 
particles growth and aggregation issues in infiltration electrode. 
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Chapter 6: Conclusions 
 
 
The La2NiO4+δ (LNO) nanoparticles have been successfully infiltrated into LSCF backbone 
to obtain a new hetero-structured SOFC cathode for ORR kinetic consideration. The 
currently comparative study of LSCF and LNO-infiltrated LSCF shows a significant 
reduction in polarization resistance and a 67% increase in maximum power density by 
using LNO-infiltrated LSCF cathode. The rapid surface and interface oxygen exchange 
properties of LNO/LSCF (1.9×10-4  cm/s and 3×10-4 cm/s, respectively) was detected at 
700℃ under air condition, which indicates that the incorporation rate of oxygen into LSCF 
is enhanced when using LNO/LSCF cathode. The benefits from the presence of the LNO 
nanoparticles demonstrate that LNO-infiltrated LSCF materials can act as high active 
surface oxygen exchange cathode with promising electrochemical properties and fast ORR 
behavior. The Sr and Co diffusion have been observed in our experiment, which is 
consistent with our assumption. A power density of 637 mW∙cm-2 and a low degradation 
rate of 0.39% at a constant current density of 250 mA∙cm-2 for the fuel cell using LNO- 
infiltrated LSCF cathode can be still achieved after long-term durability of about 500 h at 
750oC. Both ECR and LSCF self-infiltrated electrode results indicate that the performance 
improvement also results from the intrinsic LNO surface/ hetero-structured LSCF/LNO 
interface architecture offering more active reaction regions of 2PB and 3PB, except for 
nanoscale LNO fine particles increasing surface active area. In consideration of relatively 
narrow gap between LSCF-infiltrated LSCF and LNO-infiltrated LSCF electrode resistance, 
the largest driving force for the increased performance may relate to the microstructure 
change with LNO fine particles introducing. Meanwhile, the cation segregation of LSCF 
could facilitate the surface catalytic properties and ORR kinetics of the LNO-infiltrated 
LSCF cathode with respect to favorable acceptor of LNO from Sr/Co doping. Although 
particle coarsening of LNO and cation diffusion from LSCF are observed, the preliminary 
stability results show a good long-term stability of the LNO-infiltrated LSCF cathode with 
a low degradation rate of 0.39% over ~500 h at a constant current density of 250 mA∙cm-2. 
The weak Sr peaks before and after polarization demonstrate the inhibition of LNO for Sr 
segregation. The nanoparticles aggregation/growth and lanthanum enrichment on surface 
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can be observed in SEM images, which decrease either the effective surface reaction area 
or heterogeneous interface area and are responsible for the degradation of LNO-infiltrated 
LSCF cathode. Therefore, to further enhance the long-term stability of infiltrated 
(La0.6Sr0.4)0.95Co0.2Fe0.8O3-δ (LSCF) cathode, two kinds of new hetero-structured cathodes, 
La2-xNiO4+δ-infiltrated LSCF and CeO2& LNO co-infiltrated LSCF, were developed. 
Firstly, A-site deficient LNO were prepared to inhibit the lanthanum segregation on the 
LNO-LSCF surface. The intrinsic properties ofLa2-xNiO4+δ (x=0-0.2) were measured. The 
maximum deficient concentration of lanthanum is less than 0.2 in La2-xNiO4+δ. The La2- 
xNiO4+δ with higher deficient exhibits a slightly higher conductivity below 800
oC. 
Although the La2-xNiO4+δ with higher deficiency has higher conductivity, the  surface 
charge transfer still dominates the impedance with increasing lanthanum deficiency. The 
surface charge transfer process for LNO materials is possibly controlled by surface 
interstitial oxygen concentration along with transition metal states. A one order of 
magnitude decrease in cathode polarization resistance after infiltration has been observed, 
and after -0.2V cathodic polarization for 960min, the degradation of La2-xNiO4+δ (x=0-0.2) 
coated LSCF reduces with increasing lanthanum deficient concentration. The enhanced 
stability of La2-xNiO4+δ (x=0-0.2) coated LSCF demonstrates that A-site deficient La2- 
xNiO4+δ is one potential infiltration materials for bare LSCF cathode to improve the surface 
stability. 
 
The chemically stable CeO2  with high melting point and good wettability, along with 
La2NiO4+δ, was successfully co-infiltrated into LSCF backbone in one step to suppress the 
nanoparticles aggregation/growth and delamination in infiltration electrode The cathode 
polarization  resistance  increases  with  the  amount  of  CeO2   addition  in  the  infiltration 
solution increasing because of reduced surface areas and lower catalytic and conductivity 
of CeO2. But the cathode resistance of 20 mol. % CeO2& LNO co-infiltrated LSCF is still 
one magnitude less than pure LSCF. After 1080 h aging at 750oC, the degradation rate of 
CeO2 & LNO co-infiltrated LSCF cathode is smaller than that of pure LNO infiltration. In 
comparison with as-prepared electrode, the cathode polarization resistance of pure LNO- 
infiltrated LSCF increases to over 26 times, but 5 times for infiltrated cathode with 20 mol. % 
CeO2 addition. In LNO-only infiltration electrode, the LNO particles aggregate with each 
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other and form a continuous network of solid nanoparticles and porosity with ambiguous 
grain boundary. The diameter of some isolated grown particles reach to 200-300nm, and 
much larger size of the compact particles with ambiguous boundary can be detected. In 
contrast, the CeO2 addition improve the wettability of infiltration solution between 
nanoparticles and LSCF backbone. Infiltrated nanoparticles are still attached on LSCF 
backbone tightly and uniformly. Meanwhile, a part of nanoparticles kept the similar particle 
size with a diameter of 50-100nm after 1080 h aging, and a few nanoparticles surrounded 
by small particles grows to large particles with a diameter of less than 200nm. The particle 
size reaches steady state with a diameter of less than 200nm and the particles growth 
process is completed. Hence, the existence of the second phase CeO2 nanoparticles 
suppress the atomic diffusion between LNO particles and further inhibits the nanoparticles 
growth/aggregation. It is beneficial for the control of the reduction of surface 2PB and 3PB 
area after long-term operation. 
The enhanced stability of La2-xNiO4+δ (x=0-0.2) and CeO2 & LNO infiltrated LSCF 
demonstrates that A-site deficient La2-xNiO4+δ and CeO2-based materials are potential 
infiltration materials for bare LSCF cathode to improve the surface stability. 
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